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REPORT     OF      THE      PRESIDENT 


There  have  been  moments  in  history  when  new  worlds  were  discovered. 
There  was  such  a  moment  when  Columbus  discovered  America.  Creation  wid- 
ened to  mans  view.  There  is  such  a  moment  now.  We  are  all  aware  that  the 
immediate  future  holds  within  it  possibilities  different  from  anything  that  has 
been  known  in  the  past. 

A.  N.  Whitehead — Education  and  Self-Education 

In  his  youth,  the  born  poet  often  wavers  between  science  and  literature;  and 
his  choice  is  determined  by  the  chance  attraction  of  one  or  other  of  the  al- 
ternative modes  of  expressing  his  imaginative  joy  in  nature.  It  is  essential  to 
keep  in  mind,  that  science  and  poetry  have  the  same  root  in  human  nature. 

A.  N.  Whitehead — Science  in  General  Education 


IN  A  WORLD  OF  UNPARALLELED  ADVANCE  IN  OUR  APPRE- 
ciation  and  comprehension  of  nature,  we  are  privileged  to  vistas  of  both 
insight  and  wonder  inconceivable  to  our  forefathers.  Perhaps  we  are 
also  heir  to  even  keener  concerns  and  more  profound  problems,  rooted  at 
once  in  the  extraordinary  command  of  natural  forces  that  we  have  achieved 
and  in  the  unexampled  magnitude  and  complexity  of  the  social  questions  that 
beset  us.  By  these  very  tokens,  may  not  ours  be  another  generation  which  has 
the  privilege  of  standing  once  again  at  a  major  crossroad  of  history,  of  living 
in  that  deep  travail  which  more  than  once  has  preceded  and  ushered  in  a  Golden 
Age? 

What,  indeed,  is  the  nature  of  our  own  time?  Our  day  is  one  in  which 
the  brilliance  and  variety  of  man's  concepts,  the  diversity  of  his  imagination, 
the  extent  of  his  practical  power  to  shape  and  to  use  his  material  environment, 
perhaps  even  the  penetration  of  his  understanding,  have  never  been  remotely 
rivaled  in  all  of  earlier  history.  It  is  also  an  age  in  which  the  dangers  of  man's 
very  existence  have  never  seemed  as  vivid,  as  omnipresent,  as  remote  from 
resolution.  For  Americans  this  spirit  of  the  age  is  twice  compounded.  For 
to  the  problems  of  living  in  a  world  in  upheaval,  in  which  it  often  seems  as 
though  vast  seismic  shifts  were  taking  place  before  our  eyes  in  the  deepest 
strata  of  history,  is  added  the  insistent  feeling  that  at  home  too  we  face  new 
horizons,  new  opportunities,  new  hazards,  challenges  which  demand  search- 
ing reassessments  of  our  strengths  and  limitations.  We  are  convinced  that 
the  values  in  which  our  nation  and  our  society  are  rooted  are  fundamental 
to  us,  yet  we  are  constantly  haunted  by  the  feeling — and  the  evidence — that 
the  means  by  which  we  have  traditionally  implemented  and  expressed  them 
in  the  past,  if  projected  into  the  coming  years  without  innovation  and  imagi- 
nation, simply  will  not  be  adequate  to  our  future. 

All  these  circumstances  lie  in  the  forefront  of  our  individual  and  our  na- 
tional thinking  and  feeling.  What  may  be  less  evident  to  us  is  the  significance 
of  the  very  fact  of  the  paradoxes  they  present,  of  the  very  fact  of  our  present 
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discomfort  and  dismay.  We  may  forget  that  the  great  ages  of  mankind,  the 
ages  of  the  most  radical  changes  and  the  longest  advances,  the  ages  that  later 
generations  of  men  called  great,  were  not  the  times  of  easy  optimism  when 
men  thought  everything  discovered,  everything  architected,  everything  finished. 
Greatness  and  ease,  vast  innovation  and  untroubled  stability,  are  no  more  com- 
patible among  nations  or  in  a  world  community  than  they  are  among  indi- 
viduals. 

In  the  heat  and  burden  of  the  day,  the  challenges  to  our  democracy  which 
such  times  present  are  surely  as  compelling  as  those  that  faced  the  founders  of 
this  nation.  Yet  current  issues  differ  so  greatly  from  those  problems,  in  range 
and  complexity  and  subtlety,  that  we  must  seek  our  answers  far  beyond  the 
eighteenth  century.  One  image  which  may  provide  significant  resources  of 
inspiration  and  understanding  was  little  known  to  the  architects  of  our  so- 
ciety— was,  indeed,  in  their  day,  in  a  relatively  primitive  stage  of  development. 

Since  the  earliest  years  of  American  industrialism,  an  important  element  of 
our  national  character  and  of  our  evolution  as  a  society  has  been  molded  by 
our  swiftly  developing  technology  and  the  science  which  at  once  led  and 
served  it.  Today  we  are  predominantly  a  scientific  and  technical  nation,  liv- 
ing in  an  age  itself  characterized  by  the  explosive  development  of  science 
throughout  the  world.  Are  there  not  significant  things  which  the  very  struc- 
ture of  science  as  a  way  of  life  can  say  in  aid  of  our  understanding  of  ourselves 
and  of  this  age  and  of  the  task  of  our  nation — this  age  and  this  nation  so  pro- 
foundly shaped  by  science  at  a  secular  level,  as  we  all  know,  and,  as  we  may  be 
less  keenly  aware  in  our  everyday  living,  at  a  deeper  and  more  spiritual  level 
too? 


IN  THE  north  and  south  porches  of  the  famous  Gothic  cathedral  of  Char- 
tres,  high  on  its  hill  overlooking  the  Eure,  stand  thirteenth-century  carved 
figures  among  the  most  perfectly  balanced  and  most  delicate  sculptured  works 
of  art  executed  in  western  Europe  since  the  days  of  the  Greeks.  They  have 
long  been  cited  as  the  very  epitome  of  that  new  freedom  of  spirit  in  the  French 
Gothic  which  within  a  hundred  years  replaced  the  stylized,  often  cruel,  modes 
of  the  Romanesque,  with  their  echoes  of  Byzantine  and  Celt.  Their  natural- 
ism and  the  fresh  imagination  that  evidently  inspired  it,  well  symbolized  by 
the  curling  leaves  just  broken  from  the  bud  which  were  a  favorite  image, 
ushered  in  that  flowering  of  the  High  Gothic  of  which  the  cathedrals  at  Amiens 
and  Rheims  are  such  superb  and  characteristic  examples.  These  figures  of  the 
north  and  south  porches  were  probably  completed  between  1205  and  1270. 
In  their  lightness  and  their  naturalism  and  the  vivid  imagination  they  con- 
vey, they  proclaim  the  attainment  at  last  of  a  sense  of  freedom  and  a  vision 
and  a  hope  wholly  foreign  to  those  Romanesque  styles  which  but  two  hun- 
dred years  earlier  obviously  dominated  a  very  different  age. 
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In  sharp  contrast  to  these  striking  sculptures  stands  another  line  of  figures 
of  a  significance  more  pointed,  perhaps,  for  our  own  day.  These  sculptures 
of  the  western  face  are  of  far  different  character.  They  were  evidently  com- 
pleted before  the  great  fire  of  1194,  which  largely  destroyed  the  older  building, 
and  date,  perhaps,  from  about  1145 — a  mere  century,  more  or  less,  before  their 
companions  on  the  northern  and  the  southern  walls.  The  prominent  heads 
and  vertical,  elongated  figures,  the  rigid  stance,  and  the  conventionally  stiff 
lines  of  the  robes,  almost  Egyptian  in  suggestion,  make  each  outline  more 
nearly  that  of  a  structural  column  than  of  a  human  figure,  and  mark  the 
work  as  unmistakably  Romanesque  in  style. 

But  the  faces  of  these  rigid  figures  are  arrestingly  different.  In  striking 
contrast  to  the  rigid  formal  bodies,  they  are  of  an  intense  and  haunting  spiritu- 
ality, of  a  loftiness  and  a  deep  unease  which  convey  an  intense  inner  disquiet 
combined  with  overpowering  resolution.  They  are  the  spirits  that  withstood 
the  thousand  years  of  storm  and  flood,  of  lightning  and  of  wind-torn  darkness 
that  spanned  the  distance  between  two  great  ages — the  age  of  Greece  and  the 
age  of  the  High  Renaissance.  In  their  faces,  and  in  the  curious  blend  of  cul- 
tures they  represent,  are  written  the  intensity  of  hopes  and  fears,  the  clouded 
but  importunate  vision  that  must  ever  precede  a  great  awakening.  These  are 
features  created  by  artists  who  were  clearly  the  children  of  an  ambivalent 
society,  whose  greatest  doubts,  whose  greatest  tests  of  strength,  came  just  before 
its  dawn.  When  those  features  are  compared  with  the  assurance  and  com- 
mand, the  far  greater  art  but  the  lesser  inner  demand,  expressed  in  the  more 
beautiful  and  graceful  features  of  the  figures  of  the  transept  porches,  they  offer 
vivid  testimony  of  how  indissoluble  uncertainty  and  insecurity  and  great  syn- 
thesis and  prophecy  must  be,  and  on  the  other  hand  of  how  often  balance  and 
satisfaction  and  stability  and  a  conscious  sense  of  achievement  among  men 
may  be  the  attributes  of  mere  completion. 

Three  hundred  years  later,  when  Leonardo  da  Vinci  was  born  in  1452,  that 
particular  dawn  had  become  full  day.  Da  Vinci's  own  incomparable  art,  and 
the  undying  testament  of  his  contemporaries  Titian  and  Michelangelo  and 
Raphael  Sanzio,  are  its  permanent  proof.  But  there  were  other  contemporaries 
too — Columbus  and  Magellan  and  John  and  Sebastian  Cabot  and  Vasco  da 
Gama.  Less  than  thirty  years  after  Leonardo's  death  in  France  in  1519  Tycho 
Brahe  was  to  be  born  in  Denmark,  and  less  than  half  a  century  was  to  pass 
before  the  birth  of  Francis  Bacon,  and  of  Leonardo's  own  immortal  country- 
man Galileo.  Casements  to  new  worlds,  which  would  open  to  undreamed 
enlargements  in  man's  concepts  of  the  universe  and  of  his  more  immediate 
environments,  stood  just  ajar.  We  have  long  revered  Leonardo  as  a  spirit 
which  crowned  the  classical  Renaissance  while  offering  prophetic  testimony  to 
another  and  a  greater  age,  more  popular  and  more  empirical,  that  was  to  fol- 
low.  Our  evidence  has  been  the  span  of  his  gifts,  the  incredible  breadth  of 
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interest  and  imagination  and  energy  that  has  made  him,  of  all  the  figures  of 
history,  most  nearly  the  epitome  of  the  artist  and  the  scientist  at  one. 

But  he  left  another  testimony  which  is  more  poignant,  and  more  relevant 
today.  It  is  a  testimony  of  the  doubts,  the  fears,  and  the  sense  of  disaster  that 
must  beset  the  most  sensitive  and  prophetic  of  those  who  walk  the  corridors 
of  change.  Among  the  later  drawings  that  survive  from  this  artist  who  by 
the  contemporary  accounts  showed  to  the  world  a  nature  predominantly  of 
kindliness,  of  optimism,  of  radiant  magnetism,  there  is  a  group  of  miniature 
sketches  portraying  scenes  of  massive  and  catastrophic  human  suffering  and 
of  calamitous  human  disaster.  In  them,  helpless  crowds  of  men  and  women 
are  overwhelmed  by  flood  or  tornado  or  consumed  by  fiery  holocausts  whose 
curving  whorls  of  smoke  and  flame  are  set  out  with  a  careful  and  a  devastat- 
ing accuracy  against  the  human  agony.  Nothing  could  so  contrast  with  the 
serene  beauty  of  Leonardo's  faces  to  which  we  are  more  accustomed — to  the 
spirit  of  a  Mona  Lisa — than  these  creations,  with  their  overtones  of  violence 
and  disaster  and  despair,  and  their  curious  mixture  of  art  and  of  coldly  ana- 
lytical descriptive  science. 

At  Chartres,  and  again  three  hundred  years  later  in  Italy,  the  story  is  dra- 
matically repeated.  A  brilliant  and  a  predominantly  classical  age  is  jostled  by 
a  new,  with  its  secularization,  its  promise  of  a  broadening  of  horizons  beyond 
men's  wildest  dreams,  its  widely  shared  revolution  of  attitudes  to  the  world 
which  no  man  can  predict  in  detail  but  which  a  few  men  can  dimly  sense.  Eager- 
ness and  undefinable  excitement,  instability  and  danger,  an  intoxicating  and 
a  suddenly  expanding  delight  in  the  new  ideas  and  in  their  communication 
compete  for  men's  minds  and  their  emotions.  And  for  those  who  have 
pioneered  the  older  age  or  have  brought  it  to  maturity  and  fruition,  for  those 
who  stand  on  the  threshold  and  sense  its  portent  without,  often  enough,  being 
able  to  see  the  form,  there  is  suffering  and  despondency  and  even  transient 
despair.  In  the  faces  of  the  west  porch  of  Chartres  and  in  the  fantasies  of 
disaster  of  Leonardo  are  the  marks  of  the  somber  but  deeply  characteristic 
elements  of  two  of  the  great  passages  of  history — elements  which,  in  moments 
of  doubt  or  of  discouragement,  we  shall  do  well  to  bear  in  mind  today. 

Through  the  centuries  that  followed,  the  changing  panorama  of  our  civili- 
zation has  evidenced  and  re-evidenced  that  truth.  We  are  vividly  aware,  to- 
day, of  the  developments  that  followed  da  Vinci's  doubts  and  questions  and 
troubled  anticipation — the  waves  of  exploration  of  the  physical  world  beyond 
men's  most  vivid  imagination,  the  discovery  and  exploitation  of  huge  and 
unsuspected  natural  resources,  the  new  audacity  and  confidence  that  they 
brought,  the  giant  strides  of  commerce  and  communication  and  widened  social 
participation  that  followed.  We  know  the  advent  of  a  new  way  of  looking  at 
the  world  which  Leonardo  foreshadowed,  the  mode  of  modern  science,  emerg- 
ing from  its  long,  slow  preparation  in  the  trusteeship  of  the  Greeks  and 
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Moslems.  We  have  vivid  experience  of  how  much  part  and  parcel  of  all  men's 
evolving  worlds  this  new  realm  of  science  was  to  become,  how  sensitively  re- 
sponsive to  their  moods  and  needs,  and,  at  a  level  both  subtle  and  intricate, 
how  accurately  it  was  to  portray  each  new  age  which  nourished  it. 

It  is  no  accident  that  the  mathematics  of  insurance  and  the  computation  of 
rates  of  interest  underwent  a  great  development  in  the  years  of  the  later  Renais- 
sance, when  commerce  was  expanding  so  explosively.  It  is  no  accident  that 
the  years  when  the  primitive  arts  of  navigation  served  a  primary  frontier  of 
man's  advance  were  also  the  years  when  the  first  telescopes  were  designed,  and 
when  the  scientific  study  of  optics  and  hydraulics  and  the  building  of  clocks 
and  with  them  deductions  from  their  mechanism  to  the  processes  of  life  pre- 
empted men's  enthusiasms  and  preoccupied  their  minds.  These,  and  a  hun- 
dred others,  were  the  currents  of  desire  and  need  and  sensed  opportunity  that 
ultimately  produced  a  Newton  and  a  gravitational  theory  and  gave  to  modern 
science  a  characteristic,  enduring  stamp.  When  trade  and  commerce  and  in- 
vention replaced  navigational  exploration  as  a  primary  lifeline  of  nations,  it 
was  such  men  as  James  Watt  and  Edmund  Cartwright  and  Eli  Whitney,  and, 
at  another  level  of  understanding,  Michael  Faraday  and  Joseph  Henry,  who 
became  the  architects  of  a  new  and  different  scientific  age.  And  now  when 
man  looked  in  upon  himself  or  considered  other  living  organisms  as  physical 
phenomena  once  again  he  saw  them  and  himself  as  mechanisms  of  the  kinds 
he  knew — more  complex  now:  as  elaborate  and  subtle  machines  operated  by 
strings  and  pulleys,  or  hydrodynamics,  or  electric  currents,  as  instruments  for 
the  conversion  of  power,  animated  by  some  distinctive  primum  mobile.  Now 
when  man  examined  the  nonliving  world,  he  strove  to  reach  the  heights  of 
objectivity  of  a  Newton.  Right  down  to  the  beginning  of  our  century,  indeed, 
he  strove  to  separate,  as  rigorously  as  possible,  the  observer  and  the  thing  he 
observed,  resistant  almost  until  our  day  to  entering  doubt  that  they  might  in 
truth  comprise  one  system,  interlocked  and  inextricably  joined.  In  our  own 
time,  it  is  no  accident  that  communication  and  game  and  information  theory 
preoccupy  us,  that  considerations  of  prediction  and  of  contingent  probability 
strongly  color  our  thought  about  life  processes,  that  the  molecular  structure  of 
the  chromosome  and  the  information-coding  aspects  of  its  mode  of  action  are 
frontiers  in  our  thinking  about  heredity. 

So  it  is  with  the  whole  history  of  the  growth  of  modern  science.  Every- 
where it  took  its  character  from  the  conspicuous  needs  and  opportunities  of 
the  time,  developing  greatness  in  those  areas  where  it  was  most  needed — where 
the  age  demanded,  detected,  and  rewarded  greatness.  And  everywhere  its 
spirit  was  in  turn  reflected  in  the  society  that  it  served.  Surely  it  is  not  acci- 
dental that  the  centuries  of  the  flowering  of  modern  science  have  also  been 
the  centuries  of  the  rise  of  the  Western  concept  of  the  dignity,  the  uniqueness, 
and  the  essential  worth  of  the  individual.  Perhaps  it  was  not  accidental,  too, 
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that  these  were  also  the  centuries  of  the  genesis  and  ascendancy  of  the  modern 
nation-state  as  we,  its  latter-day  contemporaries,  understand  that  term. 

In  all  this  tremendous  evolution  of  science  there  recurred  from  time  to  time, 
just  as  in  the  larger  evolution  of  cultures,  periods  of  a  settled  and  rationalized 
optimism  in  which  men  took  brief  and  too  smug  satisfaction,  little  enclaves  in 
the  march  when,  it  was  said,  everything  was  perfected,  everything  finished. 
Such,  for  instance,  in  formal  Western  science,  was  much  of  the  eighteenth 
century,  when  the  Royal  Society  of  London  turned  back  upon  its  brilliant 
promise  in  the  days  of  Newton's  presidency  and  sank  to  the  level  of  a  club 
for  polite  dilettantes.  And  there  was  that  later  day  of  May  24,  1859,  when 
Thomas  Bell,  the  president  of  the  British  Linnean  Society,  in  reviewing  papers 
that  had  been  read  before  the  Society  in  the  preceding  session,  expressed  his 
regrets  that  the  session  had  passed  with  no  evidence  of  "any  of  those  striking 
discoveries  which  at  once  revolutionize,  so  to  speak,  the  departments  of  science 
on  which  they  bear"  or  "produce  a  marked  and  permanent  impress  on  the 
character  of  any  branch  of  knowledge."  In  fact,  it  was  during  that  term,  on 
July  1,  1858,  that  Charles  Darwin  and  Alfred  Russel  Wallace  had  read  before 
the  Society  their  joint  contribution  On  the  Tendency  of  Species  to  Form 
Varieties — the  first  formal  statement  of  the  theory  of  evolution.  And  we  forget, 
nowadays,  that  several  Fellows  withdrew  from  the  Linnean  Society  in  pro- 
test that  Darwin  was  not  expelled  from  membership  for  the  publication  of 
the  Origin  of  Species. 

Less  than  a  half  century  later,  at  the  beginning  of  our  own  century,  there 
came  another,  similar  period,  this  time  for  physics,  when  everything  seemed 
to  be  completed  and  known — the  era  which  once  again,  by  the  same  seem- 
ingly typical  just  irony  of  fate,  immediately  preceded  the  revolutionary  dis- 
coveries of  the  structure  of  the  atomic  nucleus  which  have  so  shaped  our  own 
time. 

But  the  main  trends  in  science,  as  in  the  rest  of  our  recent  civilization,  have 
been  far  different.  Their  stamp  has  been  instability,  vast  shifts  in  man's  con- 
cept of  his  universe  and  his  place  in  it  and  of  his  own  very  constitution  and 
nature,  delight  in  ideas,  or  sheer  fascination  with  them  because  of  their  com- 
pelling sweep  and  force,  and  an  overwhelming  urge  to  communicate  them 
broadly  and  to  share  widely  in  them.  The  ages  that  have  witnessed  these 
trends  have  been  characterized,  too,  by  the  attainment  of  new  levels  in  the 
physical  well-being  and  the  moral  and  spiritual  horizons  and  opportunities  of 
the  individual.  Together  with  all  these  developments,  and  both  as  cause  and 
as  consequence  of  them,  new  and  widely  voiced  demands  have  typically  ap- 
peared— demands  for  innovation  in  the  structure  of  society,  reflected  in  social 
and  political  insecurity,  in  rapidly  shifting  patterns  of  political  and  social 
organization. 


REPORT  OF  THE  PRESIDENT         xxi 


THE  MORE  one  contemplates  our  own  time,  the  more  it  seems  to  resemble 
those  earlier  dynamic  and  critical  eras  of  Western  history  so  typically 
characterized  by  a  keen  sense  of  change  and  exploration,  and  also  by  an  atmos- 
phere of  personal  and  political  and  social  insecurity.  No  one  observing  the 
eagerness  with  which  developments  in  the  exploration  of  space,  for  example, 
are  currently  watched  and  commented  upon  and  interpreted  by  all  the  peoples 
of  the  globe  can  forget  the  world  of  Leonardo,  into  which  Columbus  and 
Magellan  and  Vasco  da  Gama  were  born.  Our  time  is  marked  by  the  same 
sense  of  new  physical  frontiers  close  at  hand,  the  same  ferment  of  new  ideas, 
the  same  vast  and  rending  shifts  in  the  individual's  notion  of  the  universe  and 
his  place  in  it,  and,  most  poignantly,  of  his  very  nature.  There  are  the  same 
new  and  violent  and  still  little-understood  demands  of  political  and  social 
organization,  in  a  world  whose  huge  and  shifting  tides  bring  new  and  untried 
peoples  to  the  political  level  of  the  nation-state  just  when  the  nation-state  in 
its  primitive  form  is  elsewhere  passing  from  the  world.  And  there  is  the  same 
intense  need  for  vigorous  and  imaginative  leadership  in  every  field. 

In  all  these  aspects,  our  own  age  may  indeed  be  quite  typical  of  the  most 
significant  eras  of  change  in  the  fifteen  hundred  years  since  the  fall  of  Rome, 
differing  primarily  in  the  greater  intensity  and  scope  of  an  enormously  more 
complex  world.  Yet  some  of  the  changes  with  which  we  are  concerned  so 
vastly  exceed  those  that  occupied  other  ages  as  almost  to  differ  in  kind.  The 
sources  of  physical  power  which  have  been  uncovered  and  brought  to  use  in 
our  era  are  evidently  of  a  different  order  of  magnitude  and  of  variety  from 
any  that  man  has  known  before.  Concomitantly,  the  burden  which  we  place 
on  our  natural  resources  is  greater  by  orders  of  magnitude  than  we  have  ex- 
perienced before,  and  is  quite  clearly  still  near  the  beginning  of  its  expansion 
curve.  The  world  communication  of  ideas,  always  a  feature  of  the  great 
ages,  now  so  far  exceeds  in  volume,  range,  and  speed  what  we  have  ever 
known  as  to  bring  social  and  intellectual  implications  of  a  wholly  new  charac- 
ter. The  capacity  for  essentially  instantaneous  communication,  indeed,  as 
has  recently  been  pertinently  noted  in  connection  with  the  observance  of  the 
three  hundredth  anniversary  of  the  Royal  Society,  has  been  a  primary  gift  of 
engineering  to  the  second  half  of  the  twentieth  century.  Power  is  carried  in 
seconds  from  waterfalls  to  cities.  Messages  are  transmitted  in  moments  from 
one  continent  to  another.  Computers  are  able  to  perform  in  microseconds 
calculations  that  would  require  days  or  years  for  the  human  mind — if,  indeed, 
it  were  capable  of  encompassing  them  at  all.  It  has  taken  a  major  human 
adjustment  for  the  West  to  accustom  itself  to  this  range  and  speed  of  com- 
munication, deeply  affecting  all  its  affairs  and  driving  society  at  a  new  pace. 
And  now,  in  our  immediate  future,  new  nations  must  make  this  same  great 
orientation,  in  a  world  which  allows  but  little  time  for  major  readjustments 
of  international  affairs. 
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Our  age  brings  difficult  paradoxes  and  radical  shifts  of  concept  at  a  more 
subtle  level  which  must  challenge  us  with  more  imminent  and  even  more 
telling  blows  to  our  sense  of  competence  and  security.  In  an  era  which  offers 
unrivaled  opportunities  for  individual  development  the  very  pressure  of  popu- 
lation and  the  intricacy  of  modern  life  demand  new  levels  of  human  integra- 
tion. It  is  a  demand  that  will  tax  our  ingenuity  to  the  utmost  if  we  are  to 
live  successfully  in  a  world  where  complex  and  powerful  organization  is  an 
overriding  factor  without  at  the  same  time  suffering  an  intolerable  shrinking 
of  the  sphere  of  the  individual.  Again,  in  an  age  that  has  succeeded  in  un- 
locking the  sources  of  physical  power  to  a  degree  unimaginable  to  earlier 
times,  the  control  and  modulation  and  organization  of  this  power  now  must 
claim  our  particular  attention.  That  is  a  claim  that  can  bring  as  profound 
changes  in  our  concepts  of  the  universe  and  of  ourselves  as  ever  were  wrought 
by  the  physical  exploration  of  a  new  continent.  At  the  very  time  when  we 
have  achieved  almost  the  instantaneous  transmission  of  messages,  the  mode 
of  generation  of  the  message  and  the  assessment  of  its  content  of  information 
become  primary  targets  of  inquiry  and  research.  And  with  these  develop- 
ments are  coming  once  again  vast  upheavals  in  the  individual's  vision  of  his 
own  nature  and  his  relationship  to  his  world  wrought  by  the  profound  de- 
velopments in  science  and  philosophy  since  the  advent  of  quantum  and  of 
relativity  theory.  What  wonder  that  an  age  so  challenging,  so  richly  reward- 
ing but  with  such  high  and  irrevocable  penalties  for  failure,  should  engender 
the  dread  that  we  so  often  see,  the  "turning  away"  that  factors  of  such 
poignance  must  bring  when  they  press  in  inhuman  measure  ?  Such  times  call 
for  an  order  of  leadership  and  an  order  of  excellence  in  every  sphere  greater 
than  we  have  ever  known:  a  leadership  of  greater  force,  greater  knowledge, 
greater  understanding — and  a  leadership  yet  more  widely  dispersed  in  every 
level  of  our  society. 

Once  again  in  our  time,  as  in  the  times  of  Newton  or  of  Faraday,  science 
serves  as  a  mirror  of  the  wants,  the  hopes,  the  fears,  and  the  visions  of  the 
societies  that  nourish  it.  Although  science  is  but  one  among  many  modes  that 
affect  the  course  of  a  society  or  reflect  the  nature  of  its  concerns,  it  is  a  pe- 
culiarly sensitive  and  prophetic  one.  For  science  by  its  very  nature,  in  the 
modern  day,  is  a  provider  of  both  sinews  and  ideas  to  the  societies  that  it 
nourishes — it  is  at  once  a  spiritual  and  an  intellectual  way  of  life  and  a  very 
practical  and  powerful  way  of  getting  things  done.  This  is  especially  true  of 
our  own  time  and  our  own  nation,  in  an  age  where  scientific  matters  form  so 
considerable  a  component  of  the  fabric  and  the  concern  of  our  society.  So  it 
is  especially  interesting  to  think  of  science  within  the  framework  of  the 
character,  the  aspirations,  and  the  contemporary  needs  of  our  own  nation. 
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We  have  always  been  a  pioneering,  an  experimenting,  and  a  deeply  pur- 
poseful people.  These  attitudes,  with  their  pre-eminent  concern  for  the 
future,  their  fundamental  tenet  that  nothing  is — or  should  be — finished,  that 
the  past  is  but  a  foretaste  of  what  is  to  come  in  different  and  better  measure, 
constitute  our  basic  inheritance  from  a  wilderness  land  where  the  challenges, 
though  severe  and  taxing,  were  not  insurmountable.  Those  tenets  have 
formed  a  core  of  our  being,  a  foundation  of  our  greatness.  They  have  not 
changed  essentially  in  the  two  centuries  of  our  nationhood.  They  represent 
our  most  fundamental  ethic,  the  most  priceless  heritage  that  we  have  to 
conserve. 

From  that  heritage  follow  beliefs  of  equal  import.  The  reverence  for  the 
individual  and  his  rights,  the  belief  that  most  creation  is,  at  base,  individual, 
spring  from  the  foundations  of  our  original  national  ethic,  itself  a  Renais- 
sance inheritance.  They  have  been  constantly  reinforced  by  the  continuing 
evidence  that  in  a  pioneering  culture,  where  innovation  is  all-important,  the 
individual  in  a  practical  as  well  as  an  ethical  and  a  spiritual  sense  is  indeed 
the  vital  fount  of  a  society.  We  have  felt  profoundly  that  individual  excellence 
is  our  most  exalted  goal.  And  with  this  conviction  has  always  gone,  as  de 
Tocqueville  long  ago  observed,  a  deeply  religious  ethic,  which  in  fact  gave 
birth  to  large  sectors  of  our  society  and  still  shapes  our  attitudes  and  motiva- 
tions. We  still  know  that  the  essential  worth  of  life  for  the  individual  lies 
in  a  dedication  larger  than  himself.  We  are  learning,  now,  that  the  wisdom 
of  total  dedication  spans  the  workaday  world  no  less  than  the  religious  realm. 

We  have  always  been  a  nation  of  buoyant  optimists,  convinced  that  nothing 
is  inherently  impossible,  that,  at  most,  it  may  take  a  generation  or  two  to 
modify  the  course  of  events  to  suit  our  needs,  just  as  it  took  a  generation  or 
two  to  accomplish  the  winning  of  the  west.  And,  finally,  we  have  a  keen 
appetite  and  a  native  relish  for  situations  in  which  the  means  are  relatively 
well  known  but  the  ends  are  large  and  uncertain.  It  is  very  important  for  us 
that  our  goals  shall  in  the  main  be  unknown  until  we  have  achieved  them; 
that  they  shall  be  larger  than  our  means,  and  perhaps  larger  than  our  dreams; 
and,  above  all,  that  when  they  are  finally  within  our  grasp,  we  have  the  op- 
portunity to  pass  on  to  the  pursuit  of  other  and  more  distant  goals,  still  all 
but  hidden  over  the  horizon,  still  the  foundation  of  dreams  as  well  as  of 
fulfillment. 


In  America  the  technology  at  which  we  were  traditionally  so  apt  and  the 
science  which  was  its  later  consequence  and  leader  burst  upon  a  society  which 
had  not  yet  crystallized  its  patterns.  Their  revolutionary  influence  brought 
material  prosperity  as  well  as  intellectual  satisfaction,  and  they  soon  assumed 
so  dominant  a  role  in  the  infant  society  that  its  principal  modes  formed  easily 
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around  them.  Thus  it  was,  perhaps,  that  the  curious  dichotomy  between  an 
essentially  conservative  social  structure  and  a  radical  technological  and  scien- 
tific one,  by  which  we  live,  came  into  being  and  persisted  and  grew  through 
the  years.  Thus  it  was,  perhaps,  that  some  of  the  most  socially  conservative 
of  our  highly  gifted  citizens,  some  of  the  early  great  industrialists,  became 
the  most  radical  social  innovators  of  their  age.  Even  more  important,  this 
curious  and  apparently  almost  fortuitous  circumstance  of  timing  may  have 
had  a  major  contributing  influence  on  the  extent  to  which  the  very  struc- 
ture of  science  and  technology,  in  our  day,  has  come  to  mirror  and  epitomize, 
sometimes  with  extraordinary  emphasis  and  accuracy,  the  essence  of  the 
democratic  way  as  we  conceive  it. 

Science  is  today,  as  it  has  always  been,  in  essence  a  society — a  society  made 
up  of  individuals  committed  to  the  pursuit  of  truth  wherever  it  may  lie,  a 
society  with  extremely  high  standards  of  conduct.  They  are  standards,  more- 
over, which  must  be  maintained  not  only  out  of  strong  inner  belief  in  them,  but 
as  well  for  the  less  lofty  but  pragmatically  compelling  reason  that,  unless  they 
are  so  maintained,  science  simply  cannot  function.  The  rules  of  science  are 
flexible  in  content  but  uncompromising  in  principle:  dedication  to  the  search 
for  truth,  dedication  to  unconformity,  dedication  to  rigid  discipline  and 
economy  and  parsimony  of  thought,  to  communication  among  its  members, 
to  the  continuous  checking  and  cross  checking  and  agreement  and  disagree- 
ment which  not  only  can  alone  ensure  the  elimination  of  error  and  miscon- 
ception, but  which,  at  a  deeper  level,  almost  certainly  constitute  the  truth  in 
our  modern  definition  of  it. 

It  follows  that  in  science,  as  in  our  larger  democratic  society,  the  individual 
is  still  a  supremely  important  factor.  In  a  related  sense,  science,  like  democracy, 
must  enthrone  the  values  of  private  concern,  embodying  and  sternly  defend- 
ing those  sectors  of  individual  effort  for  which  no  collective  element  may 
substitute.  Again  science,  like  a  democracy,  has  made  an  institution  of  the 
process  of  continuous  reorientation,  in  a  sense,  of  continuous  reform.  A 
science  that  is  faithful  to  its  trust,  like  a  democracy  that  is  true  to  its  being, 
will  refuse  to  claim  that  its  work  is  ever  done.  Neither  the  success  of  science 
nor  the  success  of  a  democracy  can  ever  be  taken  for  granted.  It  is  quite  pos- 
sible that  science  may  be  able  to  supply,  may  indeed  be  supplying  to  a  sig- 
nificant degree,  one  of  the  greatest  needs  of  our  larger  society  today — the 
continuing  demonstration  of  human  perfectibility,  the  constant  stimulation, 
and  recognition,  of  individual  excellence,  albeit  in  one  particular  sector  of 
living.  In  so  doing,  it  may  well  be  providing  one  of  the  important  incentives 
for  individual  achievement.  Like  our  greater  society,  the  society  of  science  at 
its  best  is  deeply  motivated  by  an  ethic  at  once  basically  religious  in  character 
and  dedicated  not  only  to  the  supremacy  of  the  individual  but  to  that  spirit  of 
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frontier  unconformism  which  is  such  a  pronounced  and  precious  element  in 
our  own  tradition. 


As  Walter  Lippmann  has  aptly  observed,  Americans  stand  today  in  need  of 
fresh  road  maps,  and,  once  again  in  our  history  as  so  often  before,  of  great 
innovational  leadership.  As  an  internal  problem,  we  have  now  to  live  success- 
fully with  and  successfully  dispose  the  large  resources,  personal  and  national, 
that  our  genius  and  hard  work  and  incomparable  good  fortune  have  brought 
to  us.  We  have  the  problem  of  redefining  our  unknown  ends,  now  that  we 
seem  to  have  attained  many  of  the  old  ones.  Perhaps  most  important  of  all, 
we  have  the  tremendous  problem  of  maintaining  our  old  aptitude  and  appe- 
tite for  excellence — not  only  because  they  provide  us  with  the  one  goal  which 
is  immortal  and  is  of  all  most  deeply  satisfying,  and  which  of  all  our  ends 
most  clearly  epitomizes  our  dedication  to  the  worth  of  the  individual,  but  for 
the  further  very  practical  reason  that  in  a  perilous,  highly  competitive  world 
our  survival  as  a  free  people  requires  nothing  less. 

The  coming  years,  moreover,  will  bring  a  new  and  most  important  kind 
of  challenge  to  our  verve,  which  will  demand  all  our  reserves  of  understand- 
ing to  meet  and  to  surmount.  That  ingrained  optimism,  that  belief  that  the 
future  is  on  our  side  which  is  one  of  our  most  precious  assets  as  a  people,  is 
evidently  rooted  in  part  in  our  domestic  environment  and  in  our  proven  past 
successes.  But  it  is  a  product  too  of  other  very  special  aspects  of  our  history, 
as  Robert  L.  Heilbroner  has  pointed  out.  We  began  our  nation  with  the 
protection  of  two  oceans,  with  weak  competitors  at  home  and  divided  enemies 
abroad.  At  our  door  were  reserves  of  wealth  probably  unsurpassed  in  the 
experience  of  pioneers,  wealth  which  required  ingenuity  and  application,  skill 
and  toil,  to  exploit,  but  the  realization  of  which  was  never  beyond  the  power 
of  able  men.  We  inherited  a  land  free  from  social  constraint,  or  indeed  from 
social  patterns  of  any  kind  that  were  relevant  to  us.  We  were  blessedly  free, 
and  knew  that  we  were  free,  of  an  oppressive  and  abiding  past.  We  did  indeed 
inherit  the  priceless  asset  of  the  tabula  rasa,  so  far  as  our  new  environment 
was  concerned. 

These  circumstances  have  left  us  with  the  firmly  rooted  conviction  that, 
if  we  but  strive  sufficiently,  history  and  the  future  must  do  our  bidding.  It 
would  be  extraordinary — and  profoundly  tragic — if  we  were  really  to  doubt, 
today,  that  we  can  remake  any  situation  to  our  liking  and  our  need.  But 
there  is  an  obverse  to  this  coin.  As  a  mature  nation,  now,  maintaining  our- 
selves in  a  world  of  unmatched  danger,  faced  with  challenges  more  severe 
than  man  has  ever  known,  no  longer  protected  by  our  oceans  and  quite  as 
vulnerable  as  any  other  people,  our  old  concepts  about  the  future  must  be 
critically  sharpened  if  we  are  not  to  be  needlessly  and  damagingly  disillusioned 
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in  ways  that  could  seriously  afreet  our  verve  and  our  philosophy.  For  it  is 
inevitable,  now,  that  we  shall  encounter  large  factors  in  our  future  which  we 
cannot  immediately  manage  to  our  satisfaction,  no  matter  how  hard  we  try. 
Inevitably  we  shall  sometimes  find  ourselves  in  situations  where  our  power  of 
will  in  the  short  run,  try  as  hard  as  we  may,  will  not  suffice.  These  will  be 
tests  of  a  new  order  of  severity.  We  shall  be  tempted  to  accuse  ourselves,  and 
especially  representative  individuals  among  us,  of  incompetence,  or  misman- 
agement, or  wrong  action,  or  insufficient  action.  We  must  continually  remind 
ourselves,  in  these  circumstances,  that  the  forces  of  history  are  titanic  when 
we  are  fully  exposed  to  them,  and  more  than  ever  so  in  our  own  day.  We  must 
remember  that  a  keen  sense  of  what  to  expect  and  a  keen  general  instinct  of 
how  to  react  may  be  as  important  as  an  immediate  design  of  action.  Above 
all  we  must  learn  to  live  steadfastly  with  such  situations  over  an  indefinite 
future,  knowing  and  firmly  resisting  the  temptations,  which  will  unfailingly 
come  to  us,  to  abandon  even  for  a  moment  the  fortresses  of  our  being — our 
verve,  our  optimism,  our  humanity.  Above  all  else  our  actions  must  continu- 
ally reaffirm  our  faith  in  our  deepest  ethic — our  loyalty  to  one  another,  our 
refusal  to  refer  the  shortcomings  of  all  of  us  and  of  our  situation  to  the  easy 
scapegoats  of  particular  men  in  particular  situations,  and  most  of  all,  our  con- 
tinued reverence  of  the  individual.  Here  science  may  be  particularly  helpful, 
for  in  its  multifarious  encounters  with  a  difficult  and  unknown  and  fre- 
quently intractable  world  it  long  ago  developed  special  skills,  based  upon 
these  truths,  for  meeting  such  situations. 


It  is  clear  that  science  is  one  of  the  most  precious  spiritual  and  moral,  as 
well  as  material,  values  in  our  society,  and  that  it  serves  us  today  in  a  par- 
ticularly critical  time — and  nowhere  more  so  than  in  its  emphasis  upon  the 
individual.  Movements  of  history  have  typically  been  initiated  by  individual, 
unconforming  men.  Originality  and  independence,  individual  dissent,  properly 
protected,  are  the  very  essence  of  our  civilization.  Calvin  and  Spinoza,  dis- 
senting Puritans  and  Yankee  husbandmen,  a  John  Knox  and  a  Washington 
and  a  Roosevelt  and  thousands  more  bear  testimony  to  the  power  of  the  indi- 
vidual. And  in  science,  whose  basic  task  is  innovation  and  whose  greatest 
weapon  is  originality,  this  truth  is  epitomized:  Newton  and  Einstein, 
J.  J.  Thomson,  Rutherford,  Darwin,  and  Pasteur,  and  hosts  whose  contribu- 
tions are  publicly  less  known,  all  furnish  the  immortal  demonstration  of  it. 
For  science  in  its  public  function,  now  become  one  of  its  greatest,  the  protec- 
tion of  the  individual  and  his  independence,  the  honor  of  free  thought  and 
free  expression,  the  public  welcome  of  dissent,  all  are  utterly  vital.  The  ene- 
mies of  these  in  our  time  are  particularly  dangerous  because  they  are  not 
tangible  and  dramatic,  but  amorphous  and  difficult  to  see.  They  are  not  formal 
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oppression  or  suppression,  or  even  organized  intolerance.  They  do  not  take 
the  shape  of  the  great  and  striking  social  injustices  which  we  have  known  and 
fought  before  and  so  can  recognize  and  be  on  guard  against.  They  are  more 
subtle,  more  insidious  factors — inattention,  lassitude,  hostility  to  innovation 
arising  from  failure  to  recognize  that  innovation  must,  of  its  very  nature,  be 
antithetic  to  established  order,  and  that  we  must  embrace  that  antithesis  for 
the  life  blood  that  it  brings.  Perhaps  most  important  among  these  subtle  dan- 
gers for  the  scientific  way  is  the  threat  of  simple,  widespread,  massive  mis- 
understanding of  its  nature,  its  purpose,  its  indispensable  place  and  part,  not 
only  in  our  practical  world,  but  as  a  vital  part  of  our  deepest  philosophy  and 
belief. 


It  is  disturbing,  therefore,  to  note  a  gulf,  in  feeling  and  sympathy,  which 
frequently  exists  between  those  who  practice  the  scientific  way  and  those  whose 
commitment  lies  with  the  nonscientific  sector  of  our  cultural  heritage — the 
dichotomy  of  "the  two  cultures."  This  is  a  conflict  rooted  far  in  the  past. 
But  it  has  become  greatly  intensified  in  our  time,  to  the  disadvantage  of  both 
humanistic  and  scientific  disciplines.  In  our  own  day  we  can  ill  afford  the 
misapprehensions  that  it  entails.  There  is  much,  in  fact,  to  suggest  that  the 
apparent  dichotomy  may  be  basically  unreal,  and  it  is  worth  careful  analysis. 

The  common  factors  that  unite  all  the  creative  disciplines,  be  they  artistic 
or  humanistic,  philosophical  or  scientific,  are  far  deeper  and  more  fundamental 
than  the  more  obvious  differences  that  distinguish  them.  We  are  apt  to  neglect 
the  fact  that,  with  the  possible  exception  of  authentic  genius  and  some  very 
specialized  kinds  of  talent,  good  minds  in  the  one  culture  tend  also  to  be  good 
minds  in  the  other,  and  to  forget  how  frequently  in  the  earlier  days  of  scien- 
tific effort,  before  the  sheer  weight  of  learning  and  of  evidence  forced  our 
modern  specialization,  many  great  figures  united  the  two  fields.  We  forget, 
too,  that  historically  the  older  periods  of  cultural  burgeoning  in  the  world 
have  also  been  the  periods  of  the  burgeoning  of  early  science.  Shall  we  classify 
da  Vinci,  at  last,  as  scientist  or  humanist — or  Socrates,  or  Plato?  What  shall 
we  say  of  Copernicus,  whose  education  was  in  the  classics,  and  law  and  medi- 
cine ?  Shall  we  forget  that  Omar  Khayyam  was  a  Persian  astronomer,  or  that 
the  motto  of  the  Royal  Society  of  London  was  given  it  by  John  Evelyn  the 
diarist,  that  Samuel  Pepys  and  the  poets  John  Denham  and  John  Dryden 
were  among  its  first  Fellows,  and  that  the  opening  lecture  of  the  Society — 
on  astronomy — was  given  by  the  architect  Christopher  Wren? 

Furthermore,  as  H.  M.  Dowling  has  keenly  perceived,  in  our  own  time 
good  minds  introduced  to  the  sciences  and  the  humanities  early  enough  and 
as  coherent  structures  rather  than  as  collections  of  isolated  and  apparently 
unrelated  ideas,  will  characteristically  retain  a  lifelong  sympathy  with  and  gen- 


xxviii         CARNEGIE  INSTITUTION  OF  WASHINGTON 


eral  understanding  of  die  objectives  of  both.  Moreover,  die  mind  that  has 
once  been  opened  to  a  real  appreciation  of  the  one  field  must  perforce  acquire 
a  much  better  understanding  of  its  own  domain,  however  distant  it  may  super- 
ficially appear  to  be.  Conversely,  men  who  misunderstand  the  deeper  cur- 
rents and  purposes  of  their  own  work  can  never  properly  appreciate  the  work 
of  others. 

At  their  most  general  level,  the  characteristics  and  the  objectives  of  the 
arts  and  of  the  sciences  are  of  course  essentially  identical.  Both  are  primarily 
concerned  with  the  process  of  discovery  itself,  and  with  discovery  of  the 
beauties  of  nature.  Both  professionally  excel  in  innovation,  and  take  delight 
in  the  shapes  of  things,  their  patterns,  lights,  and  shades,  and  in  the  uncover- 
ing of  hitherto  unperceived  relationships.  Both  strive  to  cast  their  descriptions 
and  discoveries  in  evocative  and  universal  forms.  The  successful  evocation, 
the  stimulating  or  inspiring  chain  of  thought  or  feeling  links  the  worker  with 
his  audience — the  critic  and  the  witness  and  the  final  judge.  At  a  very  profound 
level  of  understanding,  both  take  communic ability  and  coherence,  within  the 
subject  itself  and  with  the  audience,  as  the  ultimate  criterion  of  conceptual  or 
of  demonstrated  truth. 

Both  take  their  very  living  being  and  draw  their  vitality  from  the  joy  of 
discovery,  from  the  attaining  of  ends  unknown  when  the  work  was  begun, 
through  means  which  are  indeed  partly  or  wholly  known,  but  are  usually  of 
technical  difficulty.  Both  are  deeply  concerned  with  the  underlying  likenesses 
between  superficially  unlike  things;  with  the  equating  of  different  aspects  of 
the  same  phenomena;  with  uniting  such  apparently  disparate  aspects  in  com- 
mon matrices;  with  the  generalizations  which  follow  the  painstakingly 
minute  analyses;  with  analogies  and  their  testing.  In  this,  of  course,  they  are 
not  only  typical  of  all  the  most  creative  and  imaginative  pursuits  of  man.  They 
are  typical  of  the  ways  in  which,  today,  we  are  suspecting  that  our  very  minds 
operate.  They  are  typical,  indeed,  of  the  life  processes  themselves,  vitally  con- 
cerned as  these  must  be  with  synthesis  as  well  as  with  analysis,  with  generaliza- 
tion as  the  final  adaptive  crowning  of  the  stages  of  analysis  that  are  first  steps 
in  life's  survival.  Finally,  the  arts  and  the  humanities,  quite  as  much  as  the 
natural  sciences,  must  be  truly  consonant  with  our  contemporary  history.  All 
of  them  sensitively  express  the  spirit  of  their  age  and  their  civilization  at  its 
highest.  As  faithfully  as  they  reflect  their  period,  so  they  are  reinforced  by  the 
societies  that  nourish  them.  It  is  a  great  responsibility  that  they  bear. 


But  of  course  the  deep-lying  similarities  between  the  disciplines  of  the  arts 
and  the  humanities  and  those  of  the  natural  sciences  cannot  obscure  differences 
that  do  indeed  exist  at  another  level.  They  are  important,  and  they  must  be 
fully  recognized   and  thoroughly  understood.    Perhaps  they  may  best  be 
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summed  in  the  antitheses  we  have  long  recognized,  if  more  intuitively  and 
generally  than  analytically  and  in  particular,  between  what  we  have  often 
somewhat  vaguely  characterized  as  the  additive,  versus  the  nonadditive, 
branches  of  learning. 

In  the  arts  and  in  the  natural  sciences,  alike,  it  is  indeed  true  that  com- 
municability  and  coherence,  as  Martin  Johnson  long  ago  pointed  out,  are  the 
essence  of  truth,  and  the  discovery  of  truth  is  the  objective  of  both.  But  it  is 
worth  noting  that  in  art  such  coherence  must  be  primarily  internal,  uniting 
the  parts  of  one  creation.  In  the  natural  sciences,  however,  it  must  be  in  a 
sense  external,  at  its  best  uniting  in  one  theoretically  coherent  frame  the  fruits 
of  many  thinkers,  whose  work  is  often  extremely  disparate  in  character. 

Communication  and  communicability  in  art  must  extend  primarily  between 
the  creator  of  the  work  and  his  audience,  at  once  his  witness  and  his  critic. 
Such  communication  comes  primarily  after  the  work  itself  is  finished.  In 
science,  on  the  other  hand,  this  communication  occurs  at  least  as  actively  dur- 
ing the  actual  progress  and  structuring  of  the  work  as  after  its  completion. 

Science,  therefore,  in  a  very  deep  sense  is  basically  a  communal  activity. 
Though  the  great  steps  of  innovation  lie  most  often  with  the  individual, 
"truth"  for  science  cannot  rest  with  him,  however  comprehensive  or  pene- 
trating his  genius.  In  our  day  more  than  ever  before  it  must  perforce  inhere  in 
a  whole  composite  fabric  of  evidence  and  interpretation,  derived  from  a  great 
body  of  communicating  investigators  examining  nature  from  a  multitude  of 
viewpoints.  Truth  in  our  day,  indeed,  must  be  a  property  of  this  common  fabric 
of  accepted  knowledge  shared  among  all  the  working  scientists  in  a  given 
field — and,  indeed,  in  a  wider  sense,  shared  in  comprehension  by  a  multitude 
of  interested  though  nonparticipating  observers.  Of  all  the  newer  extensions 
of  concept  in  the  philosophy  of  science,  this,  a  product  of  the  more  recent  years 
of  our  experience,  is  perhaps  the  most  profound.  It  is  for  this  reason  that  the 
scientific  community  in  its  essence  is  basically  a  world  community,  surpassing 
the  boundaries  of  nations.  As  Pasteur  said  so  penetratingly,  "Science  has  no 
homeland";  presciently  he  added  "but  a  scholar  has  one."  There  is  an  in- 
herent paradox  in  the  circumstance  that  the  second  aspect  of  science,  as  a 
fabricator  of  practical  power,  makes  of  it  a  peculiarly  national  community  as 
well.  This  particular  aspect  of  the  scientific  effort  probably  does  not  find  a 
close  counterpart  within  the  arts. 

In  the  arts,  imagination  alone  may  fix  the  final  limits  of  experience  which 
can  be  shared.  In  the  sciences,  on  the  other  hand,  however  indispensable 
imagination  may — and  indeed  must — be  in  discerning  those  limits  and  in 
reaching  the  goals  that  they  define,  the  limits  themselves  are  fixed  and  de- 
termined, in  the  last  experimental  analysis,  by  the  concrete  evidences  of  veri- 
fication and  therefore,  ultimately,  of  the  human  senses. 
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There  is  an  important  inherent  qualification  in  this  inescapable  position  of 
the  natural  sciences.  Since  the  final  criterion  of  communicable  truth  is  here 
the  observation,  repeated  in  many  times  and  places,  by  many  workers  and 
under  many  conditions,  and  since,  as  we  know  today,  all  observations  of  the 
world  are  of  their  nature  relative,  we  have  to  recognize  that  this  "ultimate" 
criterion  must  be  relative  itself,  joining  the  observer  and  his  environment  in 
a  system  from  which  he  can  never  be  isolated. 

From  this  communal  characteristic  of  science  there  follow  many  striking 
contrasts  between  its  operating  modes  and  those  of  the  arts.  The  arts  must 
always  make  place  of  honor  within  their  ranks  for  the  lonely,  creative  Titan, 
The  sciences,  too,  ultimately  look  to  such  giants  for  their  great  advances;  but 
these  men  in  turn  are  immensely  dependent  upon  all  their  fellows,  including 
among  them  a  wide  range  of  more  particular  talents — the  minute  observers, 
the  keen  analysts,  the  able  accomplishers  of  specialized  technical  work.  So 
these  men,  too,  become  integral  and  indispensable  elements  in  the  operating 
structure  of  the  sciences  to  a  degree  that  is  difficult  to  conceive  within  the  arts. 

From  this  basic  quality,  of  course,  follows  the  strong  tendency  to  specializa- 
tion so  characteristic  of  the  natural  sciences  at  the  present  day.  The  fact  of 
specialization  in  science  is  strikingly  two-edged  in  its  implications  and  conse- 
quences. Specialization  in  science  is  fundamentally  essential  to  scientific  prog- 
ress. For  progress  in  science,  in  its  most  general  sense,  must  ultimately  come 
from  that  penetration  whose  indispensable  tools  are  minutely  particular 
knowledge  and  expertly  sharpened  intuition.  The  classic  observation  of  Pasteur 
that  science  favors  the  prepared  mind  is  more  than  ever  true  in  our  day.  Yet 
specialization  also  erects  barriers  that  are  basically  inimical  to  that  communi- 
cation within  the  whole  body  of  science  upon  which  truth  alone  must  finally 
rest.  This  barrier  to  communication  is  not  one  of  language  only,  as  is  too  often 
imagined.  We  are  prone  to  forget  that  in  all  our  affairs  words  and  the  con- 
cepts for  which  they  stand  are  intimately  and  subtly  interlocked.  So  the 
barrier  is  more  than  one  of  words — it  is  frequently  a  barrier  of  comprehension 
or  even  awareness  of  the  underlying  concepts  that  the  words  must  try  to  con- 
vey. Yet  at  the  same  time  this  fragmenting  of  science  in  the  course  of  its  de- 
velopment has  historically  offered  rich  opportunities  for  pioneering  along 
boundaries  by  men  who  have  been  willing  to  acquire  competence  in  two  or 
more  apparently  disparate  disciplines  which  yet  are  significantly  related. 
Physical  chemistry  and  chemical  physics  and  geochemistry  and  geophysics 
have  testified  how  rich  and  illuminating  such  borderlands  can  be;  the  sciences 
of  biochemistry  and  biophysics  and  borderlines  between  neurophysiology  and 
studies  of  behavior,  to  name  but  three,  offer  contemporary  testimony  that  is 
equally  compelling. 

There  are  important  differences  between  the  sciences  and  the  humanistic 
disciplines  in  yet  another  dimension.  The  primary  task  of  both  the  humanities 
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and  natural  sciences  in  a  peculiarly  subtle  sense  is  to  illumine  the  future  as 
well  as  the  past.  The  primary  business  of  the  arts  and  the  humanities,  quite 
clearly,  is  to  create  and  to  communicate  that  creation.  But  to  this  responsi- 
bility the  natural  sciences  add  another — in  a  very  special  sense,  that  of  building 
a  fabric  of  prediction.  The  idea  that  the  final  task  of  science  is  the  tracing  of 
relationships  of  cause  and  effect  has  only  an  ill-defined  meaning,  in  the  light 
of  our  present  concepts  of  the  universe.  But  however  meaningful  such  a  view 
might  be,  this  task  in  any  case  would  not  be  the  overriding  challenge.  That 
primary  challenge,  for  science,  is  conditioned  instead  by  its  delight  in  the 
search  for  grand  recurrences  in  nature.  Such  a  search  for  regularities  must 
ever,  in  the  final  analysis,  resolve  to  the  process  of  prediction.  Science  profes- 
sionally predicts,  and  in  this  it  may  actually  be  closer  to  the  essence  of  living 
things  than  the  arts.  For  the  basic  processes  of  life  itself  are  those  of  predic- 
tion. What  else,  indeed,  is  the  phenomenon  of  instinct  at  its  functional  level 
than  the  process  of  correct  prediction,  requiring  little  immediate  information 
for  its  successful  execution  but  relying  heavily  on  regularities  in  the  environ- 
ment, which  for  its  success  must  be  quite  faithfully  maintained  ?  And  what  is 
that  property  which  we  call  plastic  intellect,  or  even  genius,  but  the  ability  to 
predict  successfully,  relying  heavily  now  on  current  information  and  less  de- 
pendent on  invariant  features  in  its  world — though  in  the  end  dependent,  as 
all  men,  and  indeed  all  life,  must  be,  on  some  degree  of  repetition  in  the 
universe  ? 

Finally,  the  natural  sciences  differ  from  the  arts  and  the  humanities  in  a 
pragmatic  way.  In  its  second  genre,  as  a  means  of  getting  things  done,  science 
has  obviously  become  the  architect  of  great  material  power,  and  what  it  has 
accomplished  in  this  field  in  the  past  is  likely  to  pale  before  what  the  future 
holds. 


SO  IT  WILL  NOT  be  easy  to  heal  the  rifts  that  have  grown  between  the 
kingdoms  of  the  humanities  and  the  natural  sciences,  between  the  bodies 
of  thought  that  they  comprehend  and  the  men  who  are  their  practitioners.  It 
will  not  be  easy  to  bridge  the  gaps  of  understanding  and  of  sympathy  that 
ideally  should  not  exist  between  them,  or  to  undo  the  damage  that  these  rifts 
have  certainly  brought,  or  to  eliminate  the  dangers  that  they  pose  for  the  future. 
And  yet  the  fundamental  similarities,  the  bonds  of  common  purpose  and  of 
common  taste  which  unite  them  more  strongly  and  more  deeply  than  the  dif- 
ferences can  divide,  are  plain  for  all  to  see.  They  are  the  foundations  on 
which  to  build. 


In  times  of  unexampled  excitement  and  opportunity  and  of  great  peril,  times 
when  uncertainty  is  coupled  with  new  heights  of  concept  and  of  execution,  a 
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philosophy  rooted  in  the  currents  of  our  time  at  their  deepest  level  is  vital  to 
our  future.  Perhaps  the  understanding  demanded  by  that  challenge  can  find 
a  significant  dimension  in  the  image  of  the  scientific  way  as  it  exists  in  our 
society — not  so  much  in  its  secular  aspects,  important  as  these  are  practically, 
as  in  its  deeper  philosophy  and  spirit. 

For  this  reason,  a  reason  quite  apart  from  any  inspired  by  practical  con- 
siderations and  in  the  end,  perhaps,  far  greater,  it  is  imperative  that  we  under- 
stand the  nature  and  the  needs  of  the  scientific  way  and  comprehend  the 
dangers  that  may  menace  it.  Such  an  understanding  of  the  society  of  science 
can  provide  penetrating  insights  to  the  nature  and  the  needs  of  our  larger 
society.  It  may  help  to  light  the  vision  that  alone  can  inspire  leadership  in  a 
critical  period  of  history  whose  challenge  for  the  future  may  well  be  without 
parallel  in  all  of  human  experience. 


The  Year         in  Review 


It  is  my  privilege  to  report  once  again  upon  the  progress  made  by  the  De- 
partments of  the  Institution  in  their  dynamic  research  programs.  In  a  year 
when  the  activities  of  scientists  have  been  almost  daily  news  to  the  public,  the 
achievements  of  the  staff  of  the  Institution  have  been  most  reassuring.  Only 
a  few,  to  be  sure,  have  been  of  the  substance  that  leads  to  headlines.  But  very 
many  have  been  exciting  and  highly  significant  to  the  scientists  who  partici- 
pated in  them,  and  exciting  and  illuminating  to  those  privileged  to  watch 
their  progress.  As  in  previous  years,  the  range  of  interest  and  attention  has 
been  enormous,  extending  from  the  tiniest  particles  of  life  on  this  planet  to 
the  outermost  galaxies  detectable  in  space.  The  staff  of  the  Institution  operates 
not  only  in  a  dynamic  professional  world  of  increasing  massiveness,  com- 
plexity, and  versatility,  but  also  in  a  physical  world  limited  only  by  the 
sensitivity  and  power  of  resolution  of  mind  and  instrument. 

In  mere  numbers  the  total  professional  staff  of  the  Institution  is  but  a  very 
modest  part  of  the  now  huge  scientific  establishment  active  in  the  United 
States.  The  rapid  growth  of  American  scientific  effort,  particularly  under 
the  stimulus  of  federal  grants  and  federal  agency  employment,  is  one  of  the 
striking  features  of  our  present-day  culture.  Because  the  effort  is  vastly  dif- 
ferent from  that  prevailing  during  much  of  the  Institution's  history,  it  makes 
a  most  interesting  background  for  viewing  our  current  work. 

The  scientific  effort  of  the  country,  both  privately  and  publicly  supported, 
reflects  several  trends  that  abet  the  greatness  of  the  nation.  The  value  of  un- 
committed research  is  recognized  now  more  generously  and  appreciatively  than 
ever  before  in  our  history.  No  longer  are  we  viewed  in  Europe  as  the  culture 
which  only  takes  fundamental  discoveries  from  other  lands  and  applies  them 
to  practical  ends.  Instead,  Americans  are  regarded  as  indispensable  fellow  con- 
tributors on  the  common  frontiers  of  fundamental  research.  The  precision 
of  American  scientific  equipment  and  methods  is  now  known  wherever  ad- 
vanced research  is  undertaken.  The  range  of  subjects  explored  with  their  aid  is 
ever  widening. 
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Hand  in  hand  with  these  strides,  an  increasing  sensitivity  to  and  aptitude 
for  discovering  and  pushing  forward  "growing  points"  is  appearing  in  the 
vital  disciplines.  Often  such  points  are  at  the  line  of  contact  between  disci- 
plines. Often  they  are  heavily  dependent  on  theoretical  studies  for  guidance. 
Increasingly,  the  effort  of  our  science  mingles  the  interests  of  the  past  disci- 
plines. A  reflection  of  this  is  the  growing  rapport  between  basic  and  applied 
science — indeed,  they  really  form  a  continuum.  The  research  scene  may  cur- 
rently be  viewed  as  one  not  of  "pure"  and  "applied"  science  but  as  one  of 
"science"  and  of  "science  applied."  Finally,  it  should  be  a  source  of  great 
satisfaction  to  us  that  widely  within  the  United  States  institutions  are  actively 
seeking  out  opportunities  for  advancing  science  throughout  the  Western  world, 
and  are  deepening  the  ties  of  Western  nations  by  building  or  strengthening 
science  research  within  many  of  them. 

Several  of  these  trends  illustrate  values  to  which  this  Institution  has  been 
deeply  committed  for  many  years.  Nowhere,  indeed,  has  the  spirit  underly- 
ing the  work  of  the  Institution  been  given  better  expression  than  in  this  year's 
report  of  the  Director  of  the  Department  of  Terrestrial  Magnetism.  "Basic 
research  .  .  .  has  the  goal  ...  of  increasing  and  sharpening  man's  awareness 
of  the  beautifully  intricate  and  orderly  world  in  which  he  finds  himself."  The 
meaning  of  these  words  is  superbly  illustrated  by  the  year's  work  in  each  of 
the  departments. 

Among  the  general  fields  of  basic  science  in  which  "growing  points"  have 
been  particularly  visible  in  the  nation  during  the  year  are  geophysics,  the  ob- 
servation of  outer  space  and  of  the  stellar  universe,  and  the  study  of  the  cellu- 
lar structure  of  life  and  of  its  nature  at  the  molecular  level.  One  need  only 
mention  the  current  additions  to  our  knowledge  of  the  earth's  outer  atmos- 
phere and  the  electromagnetic  fields  surrounding  it,  the  suggestive  evidence 
obtained  of  the  possible  existence  of  life  on  Mars,  and  the  artificial  chemical 
synthesis  of  chlorophyll.  In  all  the  fields  of  geophysics,  astronomy,  and  the 
life  sciences  research  workers  of  the  Institution  have  actively  contributed  dur- 
ing the  year  toward  an  understanding  of  our  "beautifully  intricate  and  orderly 
world." 

By  its  very  nature,  any  important  discovery  in  astronomy  is  always  exciting 
to  the  imagination.  The  Mount  Wilson  and  Palomar  Observatories  report  once 
again  a  spectacular  new  view  of  the  "edge"  of  our  known  universe.  During 
the  year  Dr.  Rudolph  Minkowski  photographed  through  the  200-inch  Hale 
telescope  the  most  distant  astronomical  object  thus  far  discovered.  It  is  a 
cluster  of  galaxies  apparently  receding  from  the  earth  at  the  rate  of  138,000 
kilometers  per  second,  almost  half  the  speed  of  light.  This  discovery  is  an  in- 
teresting example  of  the  pioneering  that  can  follow  on  close  interdisciplinary 
cooperation.  The  cluster  was  first  located  accurately  by  radio  astronomers  at 
the  Cavendish  Laboratory  in  Cambridge,  England,  and  at  the  California  Insti- 
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tute  of  Technology's  new  Owens  Valley  radio  observatory.  The  cluster  proved 
to  be  a  strong  source  of  radiation  in  the  radio  range,  particularly  at  the  longer 
wavelengths.  This  suggested  that  galaxies  within  the  cluster  are  in  collision, 
as  has  been  classically  illustrated  by  the  much  nearer  source  of  radiation  in 
Cygnus  A.  Accurate  location  by  radio  receivers,  the  resolving  power  of  which 
has  been  greatly  improved  in  recent  years,  made  possible  the  remarkable  spec- 
tral photographs  obtained  by  Minkowski. 

On  the  basis  of  the  redshift  relations  found  (the  displacement  of  character- 
istic spectral  lines  to  the  red),  it  is  estimated  that  the  newly  discovered  cluster 
is  eight  times  as  distant  as  the  colliding  galaxies  in  Cygnus  A.  Although 
the  distance  of  these  new  galaxies  from  the  earth  cannot  be  precisely  deter- 
mined yet  because  of  uncertainties  about  the  redshift/distance  relation,  it  is 
certainly  of  the  order  of  several  billion  light  years.  Spectra  obtained  by  Min- 
kowski identified  one  of  the  brightest  galaxies  within  the  cluster  as  the  radio 
source  because  it  contained  the  X3727  emission  line  characteristic  of  such  a 
source.  Multicolor  photoelectric  measurements  of  two  fainter  galaxies  in  the 
same  cluster  by  Baum  confirmed  Minkowski's  identification.  Baum's  meas- 
urements also  gave  precise  values  for  the  magnitudes  of  the  galaxies  in  the 
cluster. 

The  year  at  Mount  Wilson  was  also  marked  by  a  striking  stellar  age  deter- 
mination. Sandage,  in  a  photometric  color  magnitude  study  of  NGC  188, 
produced  evidence  that  this  galactic  cluster  may  have  an  age  of  25  billion 
years,  the  oldest  thus  far  found  for  any  group  of  stars. 

A  third  discovery  of  great  astronomical  interest  during  the  year  was  that  of 
the  strongest  magnetic  field  so  far  found  in  nature.  H.  W.  Babcock  determined 
that  the  star  HD  215441  showed  at  one  stage  in  its  fluctuation  a  general  mag- 
netic field  of  34,400  gauss.  For  comparison,  large  sunspots  have  been  deter- 
mined to  have  magnetic  fields  of  about  4000  gauss. 

Several  other  discoveries  likewise  of  much  significance  were  made  at  the 
Mount  Wilson  and  Palomar  Observatories.  The  group  working  with  Green- 
stein  on  the  chemical  composition  of  stellar  atmospheres  continued  to  find 
stars  showing  large  deviations  from  the  composition  normally  observed  in  the 
sun  and  other  stars  in  its  neighborhood.  Several  stars  or  star  clusters  were 
found  to  have  deficiencies  in  the  abundance  of  metals  by  a  factor  of  a  hundred 
or  more.  Among  a  number  of  the  stars  investigated  the  two  light  elements 
lithium  and  beryllium  showed  especially  large  fluctuations,  although  other  ele- 
ments also  varied  markedly.  One  star  (3  Centauri  A)  was  found  to  have  a 
hundredfold  greater  content  of  phosphorus  than  the  sun. 

Discoveries  of  such  extreme  situations  are  of  interest  not  only  as  sheer  curi- 
osities or  aberrations  but  more  pointedly  because  they  often  have  great  indirect 
significance  to  the  observing  science.  Such  extreme  situations,  for  example, 
may  provide  crucial  tests  for  important  theories  and  furnish  vital  data  for 
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testing  the  validity  of  contradictory  models  attempting  to  represent  reality. 
Astronomers  have  to  deal  with  some  of  the  most  fascinating  and  difficult  prob- 
lems in  all  of  science  in  constructing  cosmological  models  and  evolving  theories 
about  the  origin  and  age  of  the  universe.  The  discoveries  outlined  briefly  above 
are  illustrative.  For  example,  the  relation  between  redshift  and  distance  yields 
a  significant  set  of  clues  for  discriminating  among  several  models  of  the  uni- 
verse. The  velocity  and  magnitudes  of  the  very  distant  galactic  cluster  so 
accurately  determined  by  Minkowski  and  Baum  will  be  of  great  importance 
in  future  studies  of  this  relation.  Similarly,  Sandage's  color-magnitude  meas- 
urements of  NGC  188  must  cause  us  to  re-examine  carefully  current  theories 
of  the  age  of  the  universe.  If  Hazelgrove's  and  Hoyle's  models  of  stellar  evolu- 
tion are  correct,  the  age  of  stars  in  NGC  188,  using  Sandage's  measurements, 
is  about  25  billion  years.  On  the  other  hand,  if  the  best  current  value  of  the 
Hubble  redshift  constant  is  used  in  an  exploding  cosmological  model,  the  age 
of  the  universe  is  only  about  7.4  billion  years.  Thus  either  the  traditional 
exploding  cosmological  models  are  incorrect,  the  value  of  the  Hubble  param- 
eter is  incorrect,  or  the  ages  from  the  more  recent  stellar  models  like  Hoyle's 
are  incorrect. 

The  unusually  strong  stellar  magnetic  field  is  of  particular  interest  because 
consideration  of  the  influence  of  magnetic  fields  has  not  played  a  prominent 
role  in  current  theories  of  stellar  structure.  The  anomaly  presented  by  the  field 
of  HD  215441  suggests  that  the  subject  is  well  deserving  of  further  study. 

Finally,  the  deviations  in  chemical  composition  that  have  been  observed  in 
stellar  atmospheres  also  raise  questions  basic  to  the  structure  and  dynamics  of 
the  universe.  A  constant  comparability  of  luminosity  and  period  among  the 
cepheid  variables  has  been  an  important  presumption  in  their  use  as  distance 
indicators.  What  effects  may  these  recently  observed  chemical  variations  have 
on  their  luminosities  and  periods  ?  Furthermore,  how  do  thermonuclear  proc- 
esses produce  the  anomalies  that  have  been  observed  ?  With  such  major  ques- 
tions before  it  astronomy  continues  to  be  a  frontier  science  in  every  sense. 

Nowhere  are  the  vigor  and  penetration  of  current  methods  and  the  power 
of  new  tools  better  illustrated  than  in  the  wide  domain  of  geophysics.  The 
striking  recent  accretions  to  our  knowledge  of  the  atmospheric  envelope  sur- 
rounding the  earth  and  the  earth's  electromagnetic  field  give  us  a  new  view 
of  our  immediate  planetary  surroundings.  Because  many  of  these  discoveries 
have  been  associated  with  missile  probes  or  orbiting  satellites,  their  existence 
is  commonly  known.  Not  so  well  known  is  the  less  publicized,  but  equally 
penetrating  and  equally  important,  application  of  geophysics  to  the  study  of 
the  earth's  crust.  This  field  has  been  the  focus  of  attention  of  another  extraordi- 
narily interesting  and  productive  Institution  program. 

No  section  of  the  great  field  before  science  more  aptly  deserves  the  descrip- 
tion "beautifully  intricate  and  orderly"  than  the  crustal  zone  of  this  planet. 
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Its  intricacy  has  long  been  appreciated,  as  stratigraphy,  paleontology,  min- 
eralogy, and  other  subdisciplines  of  classical  geology  followed  their  courses. 
How  orderly  it  is,  and  indeed  what  nine-tenths  of  it  is  made  of,  are  matters 
upon  which  we  are  getting  our  first  solidly  based  views  through  the  tools  and 
methods  of  geophysics.  The  determination  of  the  gross  and  the  fine  structures 
of  this  crustal  zone  and  the  unraveling  of  its  tectonic  and  magmatic  history 
are  large  objectives  toward  which  a  number  of  the  geophysicists  of  the  Insti- 
tution contribute.  The  nature  of  these  investigations,  and  the  order  of  their 
significance,  may  be  judged  by  samples  from  the  year's  work  at  the  Geophysi- 
cal Laboratory  and  the  Department  of  Terrestrial  Magnetism. 

Two  important  immediate  objectives  of  this  joint  activity  of  the  Geophysi- 
cal Laboratory  and  the  Department  of  Terrestrial  Magnetism  have  been  a 
charting  of  the  phase  equilibria  of  a  number  of  important  mineral  systems  and 
a  search  for  indicators  that  will  be  as  accurate  for  the  history  of  crystalline  rocks 
as  fossils  and  sedimentation  sequences  are  for  sedimentary  rocks.  For  both  ob- 
jectives the  laboratory  synthesis  of  minerals  under  varying  conditions  of  chemi- 
cal composition,  temperature,  and  pressure  has  given  significant  results.  But 
the  most  important  results  for  the  second  have  come  from  the  study  of  min- 
eral sources  of  radioactivity — the  now  well  known  "nuclear  clocks." 

The  primary  methods  for  investigating  phase  equilibria  among  mineral  sys- 
tems rest  upon  the  use  of  high-temperature,  high-pressure  equipment  for  syn- 
thesizing or  metamorphosing  minerals  in  the  laboratory.  One  interesting  con- 
sequence from  employment  of  these  methods  during  the  year  was  the  synthesis 
of  diamonds  from  graphite  by  Boyd  and  England,  making  the  Geophysical 
Laboratory  one  of  the  few  places  where  this  feat  has  been  performed.  The  first 
well  established  report  of  diamond  synthesis  was  made  from  the  research 
laboratories  of  the  General  Electric  Company  in  1955.  The  synthetic  product 
crystallized  at  the  Geophysical  Laboratory  resembles  natural  "carbonado"  dia- 
monds used  for  industrial  purposes.  They  were  synthesized  at  pressures  of 
75  kilobars  (75,000  atmospheres)  and  1500°C  (approximately  2750°F).  The 
studies  of  the  graphite-diamond  inversion  were  undertaken  to  gain  knowl- 
edge of  the  geological  formations  within  which  diamonds  occur  and  of  the 
contact  catalysts  needed  for  their  synthesis. 

Even  though  the  synthesis  of  a  rare  mineral  like  diamond  constitutes  a  strik- 
ing feat,  the  Laboratory  has  stressed  experiments  with  minerals  thought  to  be 
very  generally  distributed  in  the  earth's  crust  and  mantle,  and  therefore  par- 
ticularly revealing  of  its  structural  history.  The  olivines  are  such  a  mineral 
series.  Boyd  and  England  during  the  year  obtained  a  dense  spinel  form  of  the 
iron  olivine  fayalite  in  experiments  using  pressures  between  60  and  80  kilobars. 
The  results  of  these  experiments,  together  with  other  data,  suggest  that  the 
transition  from  fayalite  to  spinel  occurs  in  about  the  same  pressure-tempera- 
ture range  as  the  inversion  from  graphite  to  diamond.  These  experiments  are 
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of  particular  interest  because  they  furnish  further  evidence  for  the  existence 
of  a  transition  from  natural  olivine  to  spinel.  This  transition  may  be  responsi- 
ble for  the  marked  seismic  discontinuity  known  to  exist  at  a  depth  of  about 
400  kilometers  in  the  earth's  mantle,  and  thus  far  not  satisfactorily  accounted 
for  otherwise. 

One  mineral  of  widespread  occurrence  at  the  earth's  surface  is  kyanite. 
Earlier  experimental  work  had  indicated  that  pressures  necessary  for  its  forma- 
tion were  substantially  greater  than  those  considered  by  geologists  to  be  re- 
sponsible for  common  metamorphic  rocks  in  which  kyanite  is  encountered. 
Professional  skepticism  therefore  greeted  these  earlier  laboratory  results,  and 
it  became  important  to  extend  them.  This  was  done  during  the  year  by  S.  P. 
Clark,  who  redetermined  the  equilibrium  curve  between  kyanite  and  its  poly- 
morph, sillimanite.  His  new  data  suggest  that  a  minimum  pressure  of  10  kilo- 
bars,  corresponding  to  a  depth  within  the  earth  of  about  30  kilometers  or  more, 
presents  the  most  likely  condition  for  the  stable  formation  of  kyanite  in  nature, 
confirming  the  earlier  laboratory  work. 

In  another  set  of  experiments  Schairer  of  the  Geophysical  Laboratory  is  in- 
vestigating the  principal  mineral  systems  influencing  the  nature  of  the  source 
magmas  (molten  rock)  from  which  the  many  types  of  igneous  rock  are 
formed.  The  materials  selected  for  experiment  are  the  normal  minerals  of 
basalt,  including  forsterite  (an  olivine),  silica,  nepheline,  the  feldspars  albite 
and  anorthite,  and  the  pyroxenes  diopside  and  enstatite.  Data  accumulated 
from  experiments  during  the  year  on  the  albite-forsterite-silica  series  and  the 
forsterite-nepheline-diopside  series  offer  major  contributions  to  a  comprehen- 
sion of  the  complex  basalt  system.  This  far-reaching  program  aims  at  the  con- 
struction of  a  "flow  sheet"  in  which  the  sequence  of  the  main  liquid  courses 
of  crystallization  of  basalt  may  be  shown.  Its  initial  successes  suggest  that  the 
construction  of  such  a  flow  sheet  will  be  possible.  The  work  of  Hytonen  has 
also  contributed  to  an  understanding  of  this  system.  He  found  that  the  alumina 
in  pyroxene  minerals  has  a  significant  role  in  the  crystallization  of  basalt. 

The  search  for  an  order  to  be  found  in  the  earth's  mantle  and  in  the  past 
history  of  its  evolution  of  course  seeks  principles  of  as  wide  applicability  as 
possible.  Each  contribution  to  an  understanding  of  phase  equilibria  in  mineral 
systems  builds  in  this  direction.  One  such  contribution  during  the  year  was 
also  of  unusual  theoretical  interest. 

For  several  years  a  derivation  from  thermodynamic  theory  has  been  set  forth 
as  an  explanation  of  some  phenomena  involved  in  the  genesis  of  minerals  in 
nature.  This  theory  indicates  that  the  formation  of  minerals  of  low  molar 
volume  is  favored  by  high  total  pressure.  It  is  known  that  minerals  form  in 
the  presence  of  an  impure  vapor  phase,  the  course  of  formation  being  affected 
by  both  the  total  confining  pressure  and  the  partial  pressure  of  each  reacting 
volatile  component.   This  theory  and  its  applicability  to  geology  have  been 
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points  of  controversy  among  penologists,  whose  disagreement  had  not  been 
resolved  by  earlier  experiments.  During  the  year  Greenwood  of  the  Geo- 
physical Laboratory  tested  the  theory  by  investigating  the  stability  of  analcite 
(NaAlSi206H20)  in  the  presence  of  water-argon  mixtures.  The  effect  of  total 
pressure  on  the  stability  of  analcite  as  observed  in  the  experiments  was  in 
close  agreement  with  the  stability  predicted  from  thermodynamic  theory. 
These  results  are  significant  because  the  theory  is  widely  applicable  to  prob- 
lems in  metamorphic  petrology.  Metamorphic  reactions  occurring  in  the 
presence  of  other  gas  mixtures,  such  as  water  and  carbon  dioxide,  can  be 
treated  in  the  same  way  as  the  analcite-water-argon  system,  and  the  separate 
effects  of  total  and  partial  pressures  can  be  evaluated. 

Other  interesting  experiments  have  dealt  with  the  behavior  of  ions  within 
aqueous  solutions  in  rocks.  In  one,  Orville  of  the  Geophysical  Laboratory  has 
found  that  when  solutions  containing  alkali  ions  are  simultaneously  in  con- 
tact with  alkali  feldspars  at  different  temperatures  potassium  tends  to  migrate 
toward  the  low-temperature  and  sodium  toward  the  high-temperature  region. 
This  behavior  explains  the  known  occurrence  of  potassium-rich  feldspars  in 
the  wall  rock  adjacent  to  intrusive  bodies  of  granite,  and  other  puzzling  differ- 
ences in  the  potassium  and  sodium  content  of  adjacent  rocks.  In  another  ex- 
periment Barnes  and  Ernst  have  examined  the  effect  of  ionization  and  of 
dissolved  substances  in  geological  fluids  at  supercritical  temperatures  and  pres- 
sures. Preliminary  results  indicate  that  pressure-temperature  curves  for  hydra- 
tion reactions  may  be  70 °C  or  more  lower  where  sodium  hydroxide  is  the 
solute  than  those  where  pure  water  is  present. 

In  the  search  for  geological  age  indicators  of  general  use  the  most  scien- 
tifically attractive  thus  far  have  been  the  five  nuclear  "clocks"  described  in 
previous  years.  It  will  be  remembered  from  our  earlier  reports  that  all  five 
clocks  (involving  the  radioactive  decay  of  uranium-lead,  lead207-lead206,  stron- 
tium-rubidium, potassium-argon,  thorium-lead)  recorded  the  same  indicated 
age  for  ancient  rocks  under  undisturbed  conditions.  Later  it  was  found  that 
the  clocks  in  rocks  that  had  gone  through  periods  of  mountain  building  some- 
times disagreed  substantially.  Aldrich,  Wetherill,  and  Bass  of  the  Department 
of  Terrestrial  Magnetism  and  Tilton  and  Davis  of  the  Geophysical  Laboratory 
have  continued  to  explore  the  characteristics  of  these  clocks  and  the  conditions 
for  their  accurate  interpretation.  It  has  now  been  established  that  long-term 
diffusion  is  a  factor  where  discordant  ages  are  shown  by  the  different  clocks, 
particularly  in  the  lead207/lead206  ratios  found  in  zircon.  The  differential  losses 
of  lead207  and  lead206  can  be  calculated  from  their  diffusion  characteristics,  and 
a  predicted  pattern  of  consequent  age  discordances  can  be  developed  and  com- 
pared with  the  discordances  observed  in  natural  rock.  Analysis  indicates  that 
long-term  diffusion  has  been  an  important  factor  in  accounting  for  discordant 
ages  as  measured  by  uranium-lead  "clocks"  but  has  been  less  important  in  age 
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values  determined  by  means  of  the  other  radioactive  pairs.  This  information 
promises  material  assistance  in  resolving  problems  of  age  determination  arising 
when,  in  situations  where  pronounced  mountain  building  has  occurred,  there 
is  a  substantial  lack  of  agreement  among  the  various  "clocks." 

These  experiments  and  others  suggest  that  the  "clocks"  must  be  examined 
with  the  greatest  possible  care  and  thoroughness,  including  an  accounting  for 
variations  in  age  patterns,  if  they  are  to  be  considered  accurate  indicators  of 
age.  There  is  a  very  real  prospect  that,  through  such  means  as  these,  answers 
can  be  found  to  three  fundamental  geological  questions:  Is  the  mineral-form- 
ing process  continuous?  Are  there  discrete  epochs  of  tectonic  activity  inter- 
spersed with  quiescent  periods?  To  what  extent  are  epochs  of  tectonic  ac- 
tivity, if  they  do  occur,  simultaneous  in  all  continents  ?  The  data  now  at  hand 
suggest  that  significant  epochs  of  tectonic  activity  may  have  occurred  about 
1000  million  years  ago  and  again  about  2600  million  years  ago  on  nearly  all 
continents. 

A  search  for  another  type  of  geological  indicator  also  met  with  considerable 
success  during  the  year.  Yoder  and  Chinner  have  been  looking  for  a  com- 
mon sensitive  piezometer  (pressure  indicator)  for  rocks  formed  under  a  wide 
range  of  conditions.  Studies  of  almandite-pyrope-garnet  series  strongly  sug- 
gest that  the  composition  of  the  solid  solutions  formed  may  yield  a  sensitive 
measure  of  pressure  if  the  temperature  is  known.  A  first  step  in  pressure  de- 
termination is  calculation,  with  the  aid  of  one  of  the  known  geothermometers, 
of  the  temperature  at  which  the  rock  was  formed.  With  this  information  at 
hand,  Yoder  and  Chinner  find  that  the  pressure  at  which  the  minerals  were 
formed  can  be  learned  from  the  composition  of  the  garnet  in  the  rock.  Thus 
garnet  promises  to  be  a  most  useful  piezometer  for  many  rocks. 

One  of  the  most  striking  general  aspects  of  the  geophysical  program  at  the 
Institution  is  its  consistent  design  to  uncover  results  that  will  be  widely  appli- 
cable. Knowledge  of  the  phase  equilibria  in  mineral  systems  obtained  at  the 
Geophysical  Laboratory  has  repeatedly  been  applied  to  mineral  associations 
from  all  the  continents,  and  even  to  meteorites  from  outer  space.  Application 
of  the  Institution's  geophysical  work  is  likely  to  be  extended  even  further  in 
the  future.  Members  of  its  staff  currently  participate  in  the  planning  of  the 
national  space  research  program  and  the  Mohole  project  for  probing  into  the 
earth's  crust.  As  the  Director  at  the  Geophysical  Laboratory  has  pointed  out, 
exploration  of  the  planets  is  certain  to  lead  to  additional  application  of  the 
results  already  at  hand,  and  must  present  us  with  new  and  important  ques- 
tions. The  same  will  be  true  as  new  evidence  on  the  nature  of  the  deeper  layers 
of  the  earth's  crust  is  provided  by  specimens  which  will  become  available  from 
extremely  deep  drilling.  The  staff  of  the  Institution  that  is  concerned  with 
geophysical  matters  has  been  preparing  for  the  interpretation  of  such  data  dur- 
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ing  some  years.  A  fascinating  future  appears  to  lie  before  the  earth  scientists 
no  less  than  before  the  astronomers. 

By  contrast  to  the  situation  some  years  ago,  the  science  of  biology  today  is 
one  of  precision  and  elegant  method.  The  advancing  frontier  in  the  life  sci- 
ences lies  in  research  where  the  ultracentrifuge,  the  electron  microscope,  iso- 
topic  tracers,  and  the  concepts  of  molecular  chemistry  are  commonplace  tools 
and  essential  weapons.  Perhaps  more  than  in  any  other  area  of  science  the 
intermingling  interests  and  methods  of  disciplines  once  considered  discrete 
dominate  the  research  scene.  Physicists  and  chemists  have  joined  their  knowl- 
edge and  their  methods  with  those  of  biologists  and  medical  research  workers. 
The  penetrating  concepts  which  these  methods  are  bringing  to  the  life  sciences 
are  well  illustrated  in  the  biological  program  of  the  Institution,  in  genetics,  in 
the  study  of  the  metabolism  of  cells,  in  developmental  biology,  in  the  study  of 
the  basic  mechanisms  of  plant  growth.  Although  the  study  of  life  processes 
is  the  dominant  interest  of  three  of  our  six  departments,  no  less  than  five  of 
them  have  been  concerned  in  one  way  or  another  with  significant  experiments 
in  that  field  during  the  current  year. 

In  many  of  the  technically  advanced  nations  of  the  world  experiments  are 
being  conducted  on  the  physical  and  chemical  nature  of  the  storage  and  trans- 
fer of  hereditary  information  from  germinal  or  embryonic  cells  to  the  mature 
organism.  The  dominant  view  at  the  present  day  is  that  the  sole  carrier  of 
hereditary  information  in  most  if  not  all  organisms  is  deoxyribonucleic  acid 
(DNA).  As  Hershey  and  his  associates  in  the  Department  of  Genetics  have 
set  forth  in  some  detail  later  in  this  report,  such  a  theory,  taken  together  with 
modern  concepts  of  the  molecular  nature  of  DNA,  must  imply  that  the  bodily 
characters  defining,  for  example,  a  species,  are  specified  in  a  message  written 
in  at  least  two  codes.  One  code  is  inviolate,  and  ensures  the  reproduction  of  un- 
changed DNA  molecules  during  the  multiplication  of  cells.  Other  codes  serve 
as  the  templates  for  growth  through  precisely  guided  and  normally  irreversi- 
ble stages  which  ultimately  will  produce  the  mature  organism.  An  important 
part  of  this  picture  ascribes  the  synthesis  of  protein  to  the  intermediate  action 
of  ribonucleic  acid  (RNA).  Guided  by  a  linear  and  specific  sequence  of  bases 
in  the  DNA  molecule,  the  RNA  in  turn  directs  the  joining  in  a  definite  se- 
quence of  amino  acids  to  make  the  proteins  that  are  the  building  blocks  of  life. 

All  over  the  world,  experimenters  are  probing  for  further  evidence  to  con- 
firm or  revise  this  scheme.  During  the  year  two  groups  of  research  workers 
in  the  Institution  have  continued  illuminating  experimental  programs  to  test 
and  elaborate  various  aspects  of  the  theory.  Hershey  and  his  associates  in  the 
Department  of  Genetics  have  used  bacteriophage  and  their  specific  bacterial 
hosts  as  experimental  media,  while  Roberts  and  his  associates  of  the  Biophysics 
Section  in  the  Department  of  Terrestrial  Magnetism  have  continued  their  study 
of  metabolism  in  bacterial  cells,  particularly  those  of  Escherichia  coli. 
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The  Biophysics  Section  of  the  Department  of  Terrestrial  Magnetism  has 
continued  to  center  its  attention  on  the  structure  and  metabolic  role  of  the 
ribosomes — those  intracellular  particles  that  appear  to  be  so  intimately  and 
specifically  connected  with  metabolism  in  bacterial  cells.  It  will  be  remem- 
bered that  the  bacterial  cell  includes  a  nucleus  with  deoxyribonucleic  acid 
(DNA),  protein,  and  ribonucleic  acid  (RNA)  content,  "ribosomal"  particles 
outside  the  nucleus  containing  RNA  and  protein,  "nonparticulate"  protein 
and  RNA  within  the  cell,  and  of  course  the  cell  wall.  During  the  year  Roberts 
and  his  colleagues  found  that  ribonucleic  acid  (RNA)  can  be  extracted  from 
ribosomes  in  a  manner  that  preserves  hydrogen  and  magnesium  bonds.  A 
unit  equivalent  to  the  RNA  in  a  large  ribosomal  particle  was  obtained.  It  was 
found  that  these  large  units  could  be  artificially  broken  down  into  smaller 
ones.  In  this  way  structures  one-twentieth  to  one-fortieth  the  size  of  the  larger 
ribosomes  were  obtained.  These  4S  units,  as  they  are  named  from  their  sedi- 
mentation rate,  were  isolated  from  living  cells.  They  were  found  to  occur 
naturally  both  in  the  ribosomes  and  in  the  nonparticulate  fraction  of  the  cells. 

In  an  experiment  employing  radioactive  tracers  it  was  found  that  the  small 
4S  units  in  the  undifferentiated  part  of  the  cell  are  the  first  to  be  labeled.  Simi- 
lar units  in  the  ribosomes  come  next,  and  finally  the  components  of  a  large 
ribonucleic  acid  unit  are  labeled.  The  conclusion  drawn  is  that  the  large 
ribosomal  units  are  formed  in  the  growing  cell  by  assembly  of  the  4S  subunits 
of  RNA  and  associated  protein.  Thus  the  basic  structural  unit  associated  with 
protein  and  RNA  synthesis  within  these  cells  may  have  been  discovered. 

Several  other  and  related  observations  of  significance  were  noted:  (1)  Ribo- 
somal protein  is  similar  in  content  to  the  soluble  protein  in  the  nonparticulate 
portions  of  the  cell.  (2)  If  present  theories  of  the  mechanism  of  genetic  in- 
formation transfer  are  correct,  the  small  RNA  subunits  of  the  ribosomes  are 
not  large  enough  to  serve  as  templates  for  the  number  of  amino  acids  that  oc- 
cur in  even  the  smallest  protein  chain  of  the  cells.  (3)  An  analysis  of  cell 
enzyme  digests  shows  many  nucleotide  sequences,  with  a  frequency  indicat- 
ing random  distribution  within  the  cell.  These  data  suggest  that  there  are  many 
different  kinds  of  RNA  molecules.  (4)  Other  previous  work  has  indicated 
that  early  steps  of  ribosomal  synthesis  occur  in  the  nucleus. 

Although  the  hypothesis  that  information  is  transferred  from  DNA  to  RNA 
to  protein  is  currently  popular,  there  are  difficulties  in  interpreting  all  the  ex- 
perimental data  in  terms  of  this  model.  Furthermore,  the  data  do  not  exclude 
the  alternative  hypothesis  that  information  may  be  transferred  directly  from 
DNA  to  protein  during  ribosomal  synthesis.  It  may  be  this  protein  rather  than 
RNA  alone  that  subsequently  specifies  the  amino  acid  sequence  of  protein 
synthesized  by  the  ribosome.  Such  an  hypothesis  is  sufficiently  arresting  to 
emphasize  that  further  study  of  intracellular  organization  and  metabolism  is 
of  primary  importance  to  understanding  how  the  molecules  of  life  are  built. 
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What  can  demand  more  wonderful  precision  than  the  examination  and 
charting  of  the  interior  of  a  cell?  But  a  challenge  of  equal  demand  and  in- 
tricacy is  offered  by  the  structure  of  the  interior  of  a  virus  particle.  At  the 
Department  of  Genetics,  Hershey  and  his  colleagues  have  been  working  with 
the  bacteriophage  known  as  T2,  which  infects  Escherichia  coli,  in  a  series  of 
elegant  experiments  searching  for  evidence  of  the  structure  of  the  DNA  within 
the  virus,  and  on  its  functions  in  phage  metabolism  within  the  infected  bac- 
terial cells.  Using  chromatography  on  a  column  of  basic  protein  Burgi  and 
Hershey  have  been  able  to  identify  half  molecules  and  quarter  molecules  of 
phage  DNA.  They  have  found  that  the  sedimentation  coefficient  and  intrinsic 
viscosity  of  quarter  molecules  of  DNA  isolated  by  the  column  correspond  to 
a  molecular  weight  that  they  tentatively  estimate  to  be  about  13  million.  This 
weight  is  calculated  by  projecting  a  calibration  curve,  based  on  light-scatter- 
ing measurements,  elaborated  by  Doty  and  his  co-workers  at  Harvard  Uni- 
versity. If  the  estimate  is  correct,  a  particle  of  phage  T2  contains  two  DNA 
molecules  of  the  identical  molecular  weight  of  50  million,  rather  than  the  ten 
molecules  postulated  in  last  year's  report.  One  or  both  of  these  molecules  must 
make  up  the  phage  chromosome. 

By  differentiating  among  phage  proteins,  tracing  the  course  of  development 
of  these  proteins,  and  sequentially  inactivating  DNA  in  phage  particles  with 
ultraviolet  radiation,  Hershey  and  his  associates  have  obtained  evidence  that 
the  formation  of  some  proteins  is  at  least  linked  with  the  development  of  phage 
DNA.  They  divide  such  "phage-specific"  proteins  into  two  classes,  one  repre- 
sented by  a  hydroxymethylating  enzyme  for  which  synthesis  commences  less 
than  two  minutes  after  infection  of  the  bacterium  (class  1)  and  another  repre- 
sented by  phage-coat  protein  for  which  synthesis  begins  seven  minutes  after 
infection  (class  2).  If  infected  bacterial  cells  are  irradiated  with  ultraviolet 
light  soon  after  infection,  nucleic  acid  synthesis  will  fail  but  proteins  of  the 
first  class  will  be  formed  within  the  infected  cells.  However,  irradiation  sev- 
eral minutes  after  infection  does  not  prevent  subsequent  synthesis  of  class  2 
proteins  within  the  infected  cells.  This  indicates  that  the  synthesis  of  class  2 
proteins  depends  on  a  modified  DNA  function  that  is  not  itself  sensitive  to  ul- 
traviolet light  but  can  occur  only  after  a  cell  contains  relatively  large  amounts  of 
phage-modified  DNA  at  a  particular  developmental  stage.  For  the  synthesis  of 
phage-coat  proteins  this  point  may  come  when  the  phage  DNA  derived  from 
the  infecting  particle  goes  through  a  transition  from  the  "extended"  configura- 
tion it  has  within  the  bacterial  cell  to  the  condensed  configuration  it  is  thought 
to  have  within  the  completed  phage  particle. 

Bacterial  cultures  infected  with  phage  T2  exhibit  a  remarkable  increase  in 
resistance  to  radiation  of  the  phage-producing  ability  of  the  cells  during  the 
first  ten  minutes  or  so  after  infection.  By  comparing  the  effects  of  chlor- 
amphenicol when  added  at  various  times  between  two  and  nine  minutes  after 
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the  infection  of  bacteria  with  the  T2  phage,  Simon  obtained  evidence  during 
the  year  that  suggests  a  correlation  of  the  evolution  of  this  radiation  resistance 
with  the  synthesis  of  DNA.  The  addition  of  chloramphenicol  prevents  pro- 
tein synthesis  totally,  but  inhibits  DNA  in  a  degree  inverse  to  the  time  elapsed 
after  infection.  Simon  found  that,  if  the  antibiotic  is  added  two  minutes  after 
infection,  the  time  at  which  ultraviolet  light  resistance  normally  begins  to 
increase  within  the  infected  bacteria,  no  resistance  develops.  Radiation  re- 
sistance does  develop  within  the  cells,  however,  if  chloramphenicol  is  added 
later  than  two  minutes  after  infection.  The  later  the  addition  of  chlorampheni- 
col up  to  the  maximum  of  nine  minutes,  the  higher  the  rate  of  increased 
resistance.  Thus  the  effect  of  the  chloramphenicol  on  the  rate  of  development 
of  resistance  is  very  similar  to  its  effect  on  the  rate  of  DNA  synthesis,  and  can- 
not be  correlated  with  its  effect  on  protein  synthesis.  This  evidence  is  con- 
sidered to  be  of  particular  interest  because  the  belief  has  been  held  in  some 
quarters  that  genetic  information  initially  carried  by  DNA  might  be  trans- 
ferred to  radiation-resistant  structures  other  than  DNA,  like  protein,  to  account 
for  the  phenomenon  of  increased  radiation  resistance. 

The  effects  of  radiation  upon  the  materials  of  heredity  have  been  the  subject 
of  much  more  than  laboratory  concern  in  the  last  several  years.  Warnings 
also  have  been  voiced  about  the  possible  effects  of  the  variety  of  chemicals  that 
man  has  introduced  into  his  environment  in  modern  times.  The  recent  re- 
search of  Kaufmann  and  his  co-workers  of  the  Department  of  Genetics  sug- 
gests that  even  mild  chemical  agents  of  cellular  origin  have  mutagenic  ac- 
tivity. They  have  found  that  the  enzyme  deoxyribonuclease  (known  from 
earlier  work  to  be  a  "dissolving"  agent  for  DNA)  is  mutagenic  to  fruit  flies 
(Drosophila  melanogaster)  under  laboratory  conditions.  Treatment  of  larvae 
and  imagoes  with  deoxyribonuclease  produced  both  recessive  and  dominant 
lethal  effects  and  chromosomal  rearrangements  in  the  flies.  Even  though 
great  care  must  be  used  in  extrapolating  these  results  to  other  organisms,  they 
do  underscore  the  great  complexity  of  the  problems  of  mutagenesis. 

The  ingenuity  of  recent  laboratory  techniques  and  the  extent  of  the  contri- 
butions of  modern  medical  research  to  the  study  of  developmental  biology  are 
vividly  illustrated  in  the  results  obtained  during  the  year  by  Dr.  Ramsey  of 
the  Department  of  Embryology  and  her  associates.  Ramsey  has  been  inter- 
ested for  some  time  in  the  circulation  of  blood  within  the  maternal  placenta. 
Over  the  past  several  years  she  has  developed  the  hypothesis  that  arterial  blood 
enters  the  placenta  from  the  endometrial  arteries  under  a  pressure  sufficiently 
high  to  drive  it  through  the  intervillous  space  and  toward  the  chorionic  mem- 
brane of  the  fetus.  Physiological  studies  had  earlier  given  indirect  evidence  of 
pressure  gradients  and  other  consequences  of  the  hypothesis.  Direct  evidence, 
however,  was  lacking  until  the  techniques  of  rapid  serial  radiography  and 
cineradiography  were  employed  in  experiments  this  year.   Radiopaque  dyes 
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were  injected  into  the  femoral  arteries  of  anesthetized  pregnant  rhesus  mon- 
keys. The  course  of  the  dyes  was  followed  until  they  entered  the  uterine  ar- 
teries and  finally  the  intervillous  space  of  the  placenta.  Observations  were 
achieved  by  rapid  serial  X-ray  photographs  or  by  cineradiography.  In  the 
latter  procedure  a  moving-picture  camera  is  used  to  photograph  the  X-ray 
image  on  the  screen  of  a  television  monitor.  The  resulting  films  show  with 
great  clarity  the  characteristic  spurts  of  blood  as  the  dye  enters  the  intervillous 
space,  as  predicted  by  Ramsey's  hypothesis.  These  experiments  were  carried 
out  in  cooperation  with  the  Department  of  Radiology,  Johns  Hopkins  Hospi- 
tal, whose  Director  designed  the  X-ray  photography  equipment. 

The  present  program  of  the  Department  of  Embryology  is  particularly  well 
typified  by  the  work  of  Ebert  and  DeLanney.  It  lies  essentially  in  the  domain 
of  molecular  biology,  involving  the  careful  and  accurate  advancement  of  our 
knowledge  of  immune  reactions.  During  the  year  Ebert  and  DeLanney  have 
completed  a  major  program  in  which  they  have  used  chicken  spleen  to  study 
the  properties  of  immunologically  competent  tissues.  As  the  work  has  pro- 
gressed it  appears  that  the  effects  of  grafts  not  only  embrace  a  graft-versus- 
host  reaction  but  also  definite  reactions  on  the  part  of  the  host.  In  the  course 
of  the  year  they  have  successfully  resolved  problems  of  the  relative  contribu- 
tion of  donor  and  host  cells.  Ebert,  Mun,  and  Tardent  (a  Rockefeller  Founda- 
tion Fellow)  have  traced  the  course  of  cells  emanating  from  spleen  grafts  la- 
beled with  tritiated  thymidine  within  embryonic  chick  hosts.  By  the  eighth 
postoperative  day  radioactive  cells  could  no  longer  be  detected  in  the  graft. 
Also,  none  were  clearly  detectable  within  the  enlarged  host  spleens.  A  subse- 
quent experiment  by  Errico,  Mun,  and  Ebert  employing  repeated  serial  graft- 
ing of  embryonic  spleen,  however,  did  establish  the  fact  that  a  very  small  num- 
ber of  embryonic  cells  from  the  graft  enter  the  host  spleen,  where  they  are 
capable  of  maturing.  This  cellular  contribution  to  the  later  immunological  re- 
action is  thus  small,  but  significant.  Ebert  concludes  tentatively  that  the  cells 
of  both  donor  and  host  may  contribute  to  the  spleen  reaction,  the  host  cells 
playing  the  predominant  role  numerically.  The  cells  associated  with  the  nor- 
mal growth  processes  in  an  organism  would  therefore  appear  to  dominate  the 
immune  reaction  rather  than  cells  from  the  donor  tissue. 

The  staff  of  the  Institution  is  deeply  concerned  with  developmental  biology 
not  only  in  the  animal  but  also  in  the  plant  world.  Algae  have  long  been  a 
subject  of  attention  for  the  Department  of  Plant  Biology  as  it  has  explored 
the  intricacies  of  the  photosynthetic  process;  now  they  have  also  become  a 
subject  of  investigation  for  the  Geophysical  Laboratory,  which  during  the 
year  commenced  an  interesting  series  of  experiments  on  the  paths  of  carbon 
assimilation  in  algae,  using  methods  of  isotopic  analysis. 

Past  investigations  of  the  Department  of  Plant  Biology  on  the  occurrence 
and  function  of  chlorophyll  a  have  established  the  participation  of  specific 
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forms  of  chlorophyll  in  two  separate  photochemical  reactions  in  photosyn- 
thesis. One  of  these  reactions  is  driven  by  the  form  of  chlorophyll  a  having 
its  red  absorption  peak  at  695  mn.  The  other  is  driven  by  either  chlorophyll  b 
or  the  673-mu  absorption  form  of  chlorophyll  a.  The  complementary  func- 
tion of  chlorophyll  a  673  and  chlorophyll  a  695  was  found  in  several  algae 
lacking  chlorophyll  b. 

The  enhancement  obtained  by  simultaneous  illumination  of  two  comple- 
mentary pigments  was  found  to  disappear  in  Chlorella  depleted  of  phosphate. 
It  returns  after  addition  of  pyrophosphate.  This  experiment  of  McLeod  is 
the  basis  for  the  conclusion  that  the  photophosphorylation  reaction  and  the 
formation  of  reducing  power,  two  well  known  parts  of  the  photosynthetic 
process,  are  driven  by  separate  pigments. 

By  contrast  with  green  plants,  experiments  with  the  algal  genus  Phormidium 
showed  that  the  pigment  phycoerythrin  increased  efficiency  of  light  absorbed 
not  only  by  chlorophyll  a  695  but  also  by  the  other  forms  of  chlorophyll  a. 
Furthermore,  excitation  of  the  phycoerythrin  pigment  by  light  of  differing 
wavelengths  indicated  that  there  are  at  least  two  different  pairs  of  mutually 
enhancing  pigments. 

A  new  technique  was  used  during  the  year  that  facilitated  the  detection  of 
the  several  forms  of  chlorophyll  a.  By  measuring  derivative  absorption  spectra 
at  — 180°C  the  bands  of  the  separate  pigment  forms  are  greatly  sharpened. 

A  particularly  striking  consequence  of  the  duality  of  the  photochemical  sys- 
tem is  seen  in  the  action  spectrum  for  Chlorella  photosynthesis  when  measured 
at  high  light  intensity.  Such  spectra  have  a  structure  with  distinct  peaks  at 
650  mu  and  440  mp.  This  is  important  evidence  to  contradict  a  prevailing  hy- 
pothesis that  at  saturating  light  intensities  all  wavelengths  have  the  same  photo- 
synthetic  efficiency.  Instead,  it  appears  that  a  maximum  rate  of  photosynthesis 
is  reached  only  when  the  two  photochemical  reactions  initiated  by  the  two 
pairs  of  interdependent  pigments  are  proceeding  in  the  correct  ratio. 

In  an  especially  interesting  experiment  Abelson  and  Hoering  of  the  Geo- 
physical Laboratory  have  produced  some  arresting  evidence  that  conventional 
photosynthesis  leading  to  carbohydrates  may  not  be  the  only  pathway  through 
which  the  carbon  dioxide  of  the  atmosphere  is  assimilated  by  the  green  plant. 
Their  study  started  with  the  relatively  well  known  fact  that  the  lightest  isotope 
of  carbon  tends  to  be  preferentially  fixed  when  inorganic  carbon  is  converted 
into  living  matter.  The  carbon  12/carbon  13  ratio  is  thus  higher  in  organic 
carbon  than  in  limestone  carbon  or  in  carbon  dioxide  present  in  the  atmosphere. 
Abelson  and  Hoering  raise  several  fundamental  questions  of  great  scientific  in- 
terest which  follow  from  this  phenomenon.  Among  them  are:  Is  this  isotope 
fractionation  characteristic  of  all  living  matter?  Do  significant  differences  in 
isotope  abundances  exist  among  specific  compounds  ?  And,  if  such  differences 
exist,  can  they  be  related  to  known  biochemical  processes  ? 
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With  these  and  other  questions  in  mind  Abelson  and  Hoering  have  begun 
to  examine  the  distribution  of  the  stable  isotopes  of  carbon  in  living  material. 
Their  first  effort  has  been  devoted  to  the  study  of  the  green  alga  Chi  or  el  la 
pyrenoidosa,  from  cultures  of  which  amino  acids  were  isolated  and  their  car- 
bon isotope  composition  examined.  The  amino  acids  were  chosen  for  analy- 
sis because  of  their  biochemical  importance  and  because  excellent  methods  are 
available  for  their  isolation.  The  results  are  of  considerable  interest.  They 
showed  that  some  of  the  amino  acids,  such  as  leucine  and  valine,  have  isotope 
ratios  similar  to  those  in  the  lipide  fractions  of  the  plants;  that  is,  they  contain 
markedly  less  carbon  13  than  is  present  in  the  inorganic  environment.  Other 
amino  acids,  like  serine,  proved  to  have  ratios  much  closer  to  the  inorganic 
carbon  dioxide  used  as  input  for  the  experiments. 

Even  more  significantly,  the  carboxyl  carbons  of  all  chains  were  heavier; 
that  is,  they  contained  a  higher  proportion  of  carbon  13  than  the  remainder 
of  the  carbon  chains  of  the  amino  acids.  This  point  is  of  particular  interest, 
because  it  was  previously  shown  at  the  Department  of  Terrestrial  Magnetism 
by  Roberts,  Abelson,  and  others  that  in  Escherichia  coli  there  is  a  direct  in- 
corporation of  carbon  dioxide  into  the  carboxyl  group  of  glutamic  and  aspartic 
acids  and  into  the  guanidine  group  of  arginine.  In  these  earlier  experiments 
carbon  14  tracers  showed  a  common  point  of  entry  for  carbon  dioxide  into  the 
bacterial  cells,  namely,  condensation  with  pyruvate  and  subsequent  synthesis 
in  a  Krebs  cycle. 

The  year's  study  of  Chlorella  strongly  suggests  that  a  similar  situation  holds 
for  it  and  probably  other  photosynthetic  organisms.  Abelson  and  Hoering 
believe  that  the  results  obtained  by  examining  carbon  12/carbon  13  ratios  of 
aspartic  acid,  glutamic  acid,  and  arginine  in  Chlorella  are  interpretable  through 
comparative  biochemistry.  They  argue  that  living  systems  have  invented  only 
a  limited  number  of  pathways,  and  that  these  have  broad  general  application. 
The  synthetic  pathways  of  the  three  amino  acids  in  Chlorella  pyrenoidosa 
seem  very  similar  to  those  in  Escherichia  coli  and  other  organisms.  There 
appear  to  be  at  least  three  pathways  by  which  carbon  dioxide  is  incorporated 
in  Chlorella:  condensation  with  ribulose  diphosphate,  the  Krebs  cycle  path- 
way, and  one  leading  to  the  guanadine  carbon  of  arginine. 

If  it  can  be  assumed  that  the  isotope  abundance  found  in  the  lipides  or  in 
the  noncarboxyl  portion  of  aspartic  or  glutamic  acids  in  Chlorella  is  character- 
istic of  the  fixation  of  carbon  dioxide  in  carbohydrates,  the  result  is  a  most 
significant  conclusion:  a  considerable  fraction  of  the  carbon  fixed  in  Chlorella 
is  incorporated  by  pathways  other  than  those  traditionally  described  for  photo- 
synthesis. The  potential  bearing  of  this  upon  our  knowledge  of  plant  growth 
and  biochemical  evolution  is  obvious. 

The  program  of  the  Institution  in  the  life  sciences,  of  which  only  a  rela- 
tively few  representative  experiments  have  been  included  in  this  review,  well 
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illustrates  the  strategy  of  unfolding  the  "beautifully  intricate  and  orderly 
world"  of  life.  The  greater  part  of  the  efforts  of  the  Institution  in  the  biologi- 
cal sciences  at  present  are  concentrated  in  investigations  at  the  molecular  and 
cellular  levels.  This  is  where  many  of  the  most  significant  investigational 
challenges  now  lie.  At  the  same  time  the  larger  problems  of  more  complex 
organic  systems  and  even  of  populations  of  systems  are  not  forgotten,  as  is  dem- 
onstrated by  such  work  as  that  in  developmental  biology  already  described. 
As  Hershey  notes  elsewhere  in  this  report,  "No  scheme  can  be  tested  short  of 
learning  the  details  of  its  operation.  This  is  evidently  a  task  for  generations  of 
biologists.  We  report  .  .  .  what  we  hope  is  perceptible  progress."  One  may 
add  that  it  is  progress  which  includes  some  of  the  most  fascinating  and  skillful 
detective  work  in  the  modern  world. 

At  the  beginning  of  this  review,  brief  mention  was  made  of  the  present 
close  relation  between  science  basic  and  science  applied.  The  equipment  of 
every  laboratory  devoted  to  fundamental  research  these  days  provides  exam- 
ples of  the  important,  and  even  essential,  symbiosis  between  basic  and  applied 
science,  whether  it  be  in  the  great  variety  of  fine  chemicals  at  hand,  in  the 
presence  of  recording  equipment  of  great  sensitivity  and  versatility,  or  in  such 
specialized  instruments  as  the  ultracentrifuge  or  devices  for  maintaining  pyro- 
genic  temperatures.  For  many  years  the  program  of  the  Institution  has  illus- 
trated particularly  well  the  meaning  of  this  relation.  Indeed,  it  has  illustrated 
not  only  the  close  relation  between  science  and  science  applied  but  also  the 
fruitful  cooperation  sometimes  possible  in  science  between  governmental  and 
private  institutions.  A  particularly  good  example  has  been  the  operation 
of  the  Committee  on  Image  Tubes  for  Telescopes,  a  cooperative  project  of 
the  Mount  Wilson  and  Palomar  Observatories  and  the  Department  of  Ter- 
restrial Magnetism  of  the  Institution,  and  the  Lowell  Observatory,  the  Na- 
tional Bureau  of  Standards,  and  the  United  States  Naval  Observatory.  Several 
commercial  companies  have  participated  in  the  program  both  by  contract  and 
by  professional  consultation,  including  the  RCA  Electron  Tube  Division,  the 
ITT  Laboratories,  the  Westinghouse  Electric  Corporation,  the  Allen  B.  Du- 
Mont  Laboratories,  and  others.  Technical  problems  of  a  high  order  are  en- 
countered in  the  development  of  image  tubes,  and  the  participation  of  the 
several  great  industrial  research  laboratories  has  been  vital  to  the  success 
achieved. 

It  was  reported  last  year  that  development  had  approached  the  stage  where 
some  application  of  the  tubes  to  astronomical  observation  could  be  predicted. 
During  the  current  year,  the  work  of  the  Committee  has  reached  a  point  of 
real  application  to  research  astronomy.  The  Committee  now  has  at  its  disposal 
special  tubes  for  astronomical  use  that  have  proved  thirty  to  sixty  times  more 
sensitive  than  photographic  plates  in  a  few  special  applications.  Because  the 
devices  at  present  available  have  inherent  difficulties  of  resolution  (granu- 
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larity)  and  background  fog  that  limit  their  employment,  discovery  of  situa- 
tions where  they  do  have  special  advantage,  and  a  search  for  improved  de- 
vices, have  been  of  current  interest.  Two  uses  in  astronomy  have  been  found 
for  these  tubes,  even  in  their  present  stage  of  development,  where  they  yield 
considerable  observational  advantage. 

Cascaded  image  intensifiers  manufactured  by  RCA  have  been  employed  to 
record  images  of  close  double  stars  that  cannot  be  resolved  by  any  other  photo- 
graphic technique.  Fredrick  of  the  Lowell  Observatory  has  measured  with 
precision  the  separation  of  the  visual  binary  51  Aquilae,  which  has  a  separa- 
tion of  about  0.46  second  of  arc;  in  previous  photographic  resolution  a  separa- 
tion of  less  than  1.5  seconds  has  been  rare. 

Mica  window  tubes,  developed  by  the  ITT  Laboratories,  have  been  used  to 
explore  the  region  of  infrared  stellar  spectra  at  around  1  micron,  a  spectral 
region  relatively  inaccessible  by  ordinary  photographic  techniques.  Fredrick 
has  undertaken  a  program  of  observing  several  long-period  variable  stars  in 
the  1-micron  region.  It  is  possible  that  such  observation  may  prove  an  im- 
portant tool  for  measuring  temperature  differences  in  stellar  atmospheres. 

In  addition,  some  testing  was  undertaken  of  tubes  using  secondary  electron 
multiplication  which  have  been  under  development  for  several  years  at  the 
Westinghouse  Research  Laboratories.  Relatively  high  resolutions  have  been 
demonstrated  with  these  tubes  in  the  laboratory — higher  in  fact  than  with  any 
other  type  of  tube.  It  is  thought  that  with  further  technical  improvements 
providing  greater  contrast  and  eliminating  spurious  emission  these  devices  may 
be  extremely  useful  for  spectroscopic  work.  Thus,  though  additional  prob- 
lems undoubtedly  lie  before  the  Committee  and  its  participating  contractors, 
the  events  of  the  year  have  demonstrated  sound  progress  on  their  part  toward 
a  real  advance  in  research  technique  as  well  as  in  application  to  astronomy. 

It  is  satisfying  to  report  also  that  the  Institution  has  shared  significantly  in 
the  national  effort  to  support  scientific  effort  and  science  institutions  abroad. 
Indeed,  we  are  no  strangers  in  this  area,  since  our  programs  in  archaeology  and 
in  terrestrial  magnetism  long  maintained  important  field  stations  abroad,  and 
our  fellowship  and  grants  program  has  had  a  long  succession  of  foreign  re- 
cipients. During  the  year  seventeen  Fellows  from  nine  foreign  countries  were 
resident  and  participated  in  the  research  of  our  departments.  The  work  of 
nearly  all  of  them  is  recognized  in  the  individual  reports  that  follow  this  re- 
view. In  addition,  the  Institution  took  the  initiative  in  obtaining  a  continua- 
tion of  the  distinguished  visitor  program  of  the  International  Geophysical 
Year.  A  grant  from  the  National  Science  Foundation,  supplemented  by  Insti- 
tution funds,  has  either  brought  or  scheduled  sixteen  geophysicists  from  eleven 
countries  for  visits  of  three  to  fourteen  months  at  laboratories  and  research 
establishments  in  the  United  States,  including  our  own.  In  this  program, 
which  has  been  directed  by  the  Department  of  Terrestrial  Magnetism,  foreign 
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guests  were  invited  to  write  their  own  itineraries.  These  invitations  appar- 
ently have  combined  to  make  a  highly  successful  demonstration  that  the 
United  States  has  participated  in  the  International  Geophysical  Year  on  a  truly 
international  basis. 

The  Institution  continues  to  be  interested  in  the  building  of  the  physical 
sciences  in  South  America,  particularly  through  the  program  of  the  Depart- 
ment of  Terrestrial  Magnetism.  Wells  of  that  Department  has  become  Scien- 
tific Attache  for  southern  Latin  America,  stationed  at  Rio  de  Janeiro.  During 
his  two-year  leave  of  absence  it  is  expected  that  he  may  be  able  to  do  much  to 
stimulate  interest  in  radio  astronomy  and  radio  propagation  in  that  area  of  the 
world. 

Duplicates  of  the  Department  of  Terrestrial  Magnetism  extended  antenna 
arrays  for  studying  the  radio  emissions  of  the  sun  have  been  provided  to  DTM 
collaborators  in  Chile,  Argentina,  and  Uruguay.  Finally,  Institution  funds  and 
National  Science  Foundation  funds  have  been  made  available  to  build  in  South 
America  a  duplicate  of  the  equatorially  mounted  parabolic  antenna  installed 
at  the  Department  of  Terrestrial  Magnetism  in  1952.  The  "parent"  instrument 
has  been  used  for  the  survey  of  hydrogen  clouds  among  the  stars  of  our  galaxy, 
a  program  that  was  shifted  to  the  new  60-foot  parabola  during  the  year.  The 
South  American  installation  will  probably  be  located  in  the  vicinity  of  Buenos 
Aires. 

It  seems  appropriate  to  end  this  review  with  brief  mention  of  the  meaning 
of  uncommitted  research.  We  believe  that  one  of  the  greatest  assets  of  Car- 
negie Institution  is  the  freedom  an  individual  staff  member  can  feel  to  under- 
take research  on  any  subject,  regardless  of  his  past  interests.  One  vivid  current 
example  has  been  the  work  of  Chayes  of  the  Geophysical  Laboratory  during 
the  year. 

Chayes  is  a  petrologist,  but  elsewhere  in  this  volume  will  be  found  a  report 
from  his  laboratory  entitled  "Correlation  in  Closed  Tables,"  a  contribution 
in  the  statistical  field  of  correlation  analysis.  This  investigation  was  stimu- 
lated by  certain  problems  in  petrography,  but  in  it  Chayes  has  reached  a  num- 
ber of  novel  and  potentially  useful  conclusions  applicable  to  the  statistical 
analysis  of  data  obtained  in  many  branches  of  experimental  science. 

Chayes  notes  that  a  large  part  of  scientific  inquiry  is  aimed  at  discovering 
whether  or  not  relations  between  two  or  more  variables  of  a  complex  assem- 
blage are  random,  as,  for  example,  between  birth  weight  and  growth  rate  of 
living  organisms,  or  between  hardness  and  chemical  composition  of  alloys. 
Numerical  analysis  to  discover  the  existence  of  these  relations  usually  takes 
the  form  of  calculating  total  or  partial  correlation,  followed  by  tests  of  the 
significance  of  these  correlations.  However,  if  the  sum  of  variables  in  each 
statistical  item  of  a  sample  is  the  same  for  all  items,  the  assumptions  underly- 
ing traditional  correlation  analysis  are  invalid.    These  are  "closed  arrays"; 
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Chayes's  study  treats  correlation  statistics  within  them.  With  the  assistance 
of  machine  computation  he  is  planning  to  carry  this  study  further,  investigat- 
ing next  experimentally  closed  arrays  resembling  those  actually  encountered 
in  nature. 

As  always,  this  summary  can  report  only  a  relatively  small  proportion  of 
the  many  investigations  undertaken  by  our  six  departments  during  the  current 
year.  They  have  been  chosen  not  only  because  they  are  representative  of  the 
work  of  the  Institution  in  each  of  its  fields  but  also  because  they  reflect  Insti- 
tution interests  in  the  trends  of  American  science  at  large.  Such  condensation, 
essential  as  it  is,  must  always  be  in  some  measure  arbitrary  and  difficult.  It  is 
well  epitomized  by  a  remark  made  by  Dr.  Emile  Roux,  a  famous  director  of 
the  Pasteur  Institute,  to  his  colleagues  at  the  twenty-fifth  anniversary  of  the 
founding  of  that  institution.  He  must  be  excused,  he  said,  "for  presenting  in 
such  a  summary  fashion  research  work  which  had  cost  them  so  much  trouble 
and  care." 


Losses   •   •   • 

Once  again,  and  as  always  with  much  regret,  I  report  the  retirement  of 
some  senior  Staff  Members  of  the  Institution.  Dr.  Milislav  Demerec,  Director 
of  the  Department  of  Genetics  since  1943,  Dr.  Rudolph  L.  Minkowski, 
Staff  Member  of  the  Mount  Wilson  and  Palomar  Observatories  since  1937, 
Dr.  Joseph  W.  Greig,  petrologist  at  the  Geophysical  Laboratory  since  1922,  and 
Mr.  Earle  B.  Biesecker,  Bursar  of  the  Institution  since  1941,  all  retired  on  June 
30,  1960.  Each  of  these  men  will  be  greatly  missed. 

Dr.  Demerec  joined  the  Institution  as  a  Resident  Investigator  in  the  Depart- 
ment of  Genetics  in  1923,  commencing  his  long  and  highly  productive  re- 
search career  at  Cold  Spring  Harbor.  His  interest  and  achievement  in  research 
never  flagged,  even  though  his  administrative  load  became  increasingly  heavy 
after  1936,  when  he  was  appointed  Assistant  Director  of  the  Department.  In 
1941  the  post  of  Director  of  the  Biological  Laboratory  of  the  Long  Island 
Biological  Association,  which  adjoins  the  Institution  laboratory  at  Cold  Spring 
Harbor,  was  added  to  his  administrative  duties.  He  became  Director  of  the 
Department  of  Genetics  in  1943.  Largely  as  the  result  of  Dr.  Demerec's  drive 
and  organizing  ability,  the  summer  Symposia  at  Cold  Spring  Harbor  have  be- 
come world  famous  and  may  truly  be  said  to  have  had  a  significant  influence 
on  the  course  of  modern  biology. 

Dr.  Demerec's  lifelong  research  has  been  directed  toward  elucidating  the 
structure,  the  function,  and  the  mutability  of  genes.  His  earliest  studies  were  in 
maize  genetics,  but  he  is  perhaps  best  known  for  his  work  on  mutagenesis,  his 
significant  wartime  researches  on  the  biological  production  of  penicillin,  and, 
especially,  for  his  most  recent  investigations  of  the  "fine  structure"  of  bacterial 
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chromosomes,  using  the  criteria  of  biosynthesis  and  applying  the  methods  of 
transformation,  and  particularly  of  transduction  by  bacteriophages.  The  high- 
yielding  mutant  strain  of  Penicillium  notatum  which  he  developed  during  the 
second  World  War  has  displaced  previously  used  strains  in  the  commercial 
production  of  penicillin. 

After  the  war  Dr.  Demerec  concentrated  his  research  primarily  in  bacterial 
genetics,  adding  critically  to  our  knowledge  of  the  chromosome  structure  es- 
pecially of  the  bacteria  Escherichia  colt  and  Salmonella  typhimurium.  Results 
of  Dr.  Demerec's  studies  during  the  current  year  are  described  in  this  report. 
In  recent  work,  in  which  he  has  studied  gene  loci  controlling  the  synthesis  of 
specific  amino  acids  in  S.  typhimurium,  he  has  been  able  to  distinguish  mul- 
tiple mutation  sites  within  single  "gene  loci." 

Dr.  Demerec  will  carry  forward  his  active  research  without  interruption. 
He  has  been  appointed  a  senior  Staff  Member  of  the  Biology  Group  at  the 
Brookhaven  National  Laboratory,  and  it  can  be  predicted  that  his  program 
will  continue  in  all  its  present  activity  and  significance  for  years  to  come. 

Dr.  Rudolph  Minkowski  came  to  the  Mount  Wilson  Observatory  from  Ger- 
many in  1935,  and  ever  since  that  time  has  contributed  continuously  and  most 
significantly  to  stellar  astronomy.  He  is  especially  well  known  for  his  studies 
of  gaseous  nebulae.  During  his  career,  indeed,  he  more  than  doubled  the 
known  number  of  such  astronomical  objects.  He  also  studied  the  velocities 
and  internal  motions  of  near-by  galaxies,  and  has  obtained  some  notably  long 
sequences  of  spectra  of  supernovae,  adding  greatly  to  our  knowledge  of  these 
stars. 

In  collaboration  with  Dr.  Walter  Baade,  Minkowski  pioneered  in  the  optical 
identification  of  strong  sources  of  radio  emission  in  space.  He  provided  evi- 
dence that  some  of  these  radio  sources,  as  in  Cygnus  A,  actually  constitute 
galaxies  in  collision.  This  has  proved  to  be  true  of  the  cluster  of  galaxies  dis- 
covered optically  this  year  by  Minkowski,  a  cluster  that  is  the  most  distant 
object  in  the  universe  whose  spectra  have  been  photographed  and  analyzed. 

Dr.  Joseph  Greig  was  a  petrologist  at  the  Geophysical  Laboratory  for  thirty- 
eight  years.  He  devoted  his  attention  especially  to  studies  of  phase  equilibria 
in  mineral  systems,  a  subject  of  great  importance  in  geophysical  research.  An 
outstanding  contribution  was  his  comprehensive  study  of  liquid  immiscibility 
in  silicate  systems.  His  studies  of  the  equilibrium  relations  between  ferric  oxide, 
ferrosoferric  oxide,  and  oxygen  have  provided  a  basis  for  interpreting  the  oc- 
currence of  iron  oxides  in  nature.  His  joint  study  with  T.  F.  W.  Barth  of  the 
nepheline-albite  system  has  assisted  greatly  in  the  geological  interpretation  of 
relations  between  feldspathoid  and  feldspar  minerals.  At  the  time  of  his  re- 
tirement he  was  preparing  a  comprehensive  report  on  the  copper-iron-sulfur 
system,  which  will  treat  the  theory  of  coexisting  ternary  solid  solutions. 

Dr.  Greig's  research  has  had  several  practical  applications.   His  studies  of 


REPORT  OF  THE  PRESIDENT        liii 


silicate  systems  led  to  the  development  of  low-alumina,  low-alkali  silica  brick, 
and  they  have  given  information  of  considerable  importance  in  studying  the 
reaction  between  metallurgical  slags  and  refractories  in  furnace  operation.  His 
ferrosoferric  oxide  study  was  especially  useful  for  improvements  in  the  manu- 
facture of  steel. 

The  long  and  devoted  service  of  Earle  B.  Biesecker  spanned  a  significant 
period  of  reorganization  in  the  financial  management  of  the  Institution.  Dur- 
ing the  twenty-seven  years  of  his  service,  the  responsibilities  of  his  office  be- 
came much  enlarged  and  increasingly  exacting,  in  consequence  of  the  adoption 
by  the  Institution  of  a  collective  insurance  program,  the  extension  of  Social 
Security  and  Group  Hospitalization  benefits  to  the  Staff,  the  establishment 
of  the  Institution's  independent  Retirement  Plan,  and  significant  changes  in 
investment  policy.  He  introduced  a  modern  auditing  system  into  Institution 
practices,  and  standardized  the  accounting  procedures  of  the  Departments.  He 
drafted  the  first  manual  of  fiscal  procedures  used  by  the  Institution,  and  brought 
in  the  mechanization  of  payroll  accounting.  His  careful  analyses  of  the  finan- 
cial aspects  of  many  administrative  problems  were  appreciated  by  every  officer 
of  the  Institution  having  administrative  responsibilities.  He  had  an  important 
part  in  the  development  of  the  new  Retirement  Plan,  and  he  served  as  Treas- 
urer of  the  Retirement  Fund  of  the  Plan  from  the  initiation  of  the  office  in 
1954  until  this  year.  His  wise  counsel,  his  conscientiousness,  and  his  friendli- 
ness will  be  missed  by  all  who  were  privileged  to  associate  with  him. 


It  is  with  a  deep  sense  of  loss  that  I  must  report  the  deaths  of  one  former 
Trustee,  six  retired  Staff  Members,  and  one  Fellow. 

William  Cameron  Forbes,  former  Trustee,  died  on  December  24,  1959,  at 
age  89,  after  a  distinguished  career  in  the  public  service.  During  his  thirty-five 
years  as  a  Trustee  of  the  Institution  (1920-1955)  he  accepted  many  important 
special  responsibilities.  He  was  Secretary  of  the  Board  from  1922  to  1930,  Vice- 
Chairman  from  1935  to  1937,  and  Chairman  from  1937  to  1945.  He  was  a 
member  of  the  Executive  Committee  from  1922  to  1930  and  from  1932  to  1947, 
serving  as  its  Chairman  from  1935  to  1945.  During  his  long  and  active  career 
he  occupied  high  public  office,  including  that  of  Governor  General  of  the 
Philippines,  to  which  post  he  was  appointed  by  President  Taft. 

Dr.  John  A.  Anderson,  noted  for  his  development  of  instruments  for  astro- 
nomical research,  died  on  December  2,  1959,  at  age  83.  He  joined  the  staff  of 
the  Mount  Wilson  Observatory  in  1916,  retiring  in  1943.  Having  devised 
methods  for  ruling  extremely  fine  spectroscopic  gratings,  he  was  at  once  placed 
in  charge  of  constructing  a  large  ruling  engine  when  he  came  to  the  Observa- 
tory. After  World  War  I  he  developed  the  exploding-wire  techniques  for  pro- 
ducing extremely  high  temperatures  and,  with  Sinclair  Smith,  various  auxiliary 
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devices,  including  die  rotating-mirror  camera,  die  rotating-mirror  spectrograph, 
and  the  Kerr  cell  shutter,  for  studying  the  explosions.  These  methods  and  de- 
vices were  employed  during  World  War  II  in  programs  for  the  development 
of  nuclear  weapons. 

As  Executive  Secretary  of  the  Observatory  Council  created  to  supervise  the 
construction  of  the  Hale  Telescope,  Dr.  Anderson  carried  a  great  weight  of 
responsibility  for  all  phases  of  designing  and  constructing  the  200-inch  in- 
strument on  Palomar  Mountain.  He  was  a  member  of  the  National  Academy 
of  Sciences  and  of  professional  societies  in  the  several  fields  of  his  broad  scien- 
tific interest — astronomy,  seismology,  physics,  and  chemistry. 

Dr.  Ralph  E.  Wilson,  Staff  Member  of  the  Mount  Wilson  and  Palomar 
Observatories,  who  retired  in  1951,  died  in  Pasadena  on  March  25,  1960,  at 
age  73.  Dr.  Wilson  was  primarily  concerned  with  research  on  the  motions 
of  stars.  He  took  a  leading  part  in  preparing  the  classic  Boss  Catalogue,  which 
furnished  the  precise  positions  and  motions  of  33,342  stars  for  the  epoch  1950. 
His  last  publication,  General  Catalogue  of  Stellar  Radial  Velocities,  issued  in 
1953,  contains  the  positions,  magnitudes,  spectral  types,  and  definitive  radial 
velocities  of  all  stars  whose  velocities  had  been  determined  at  the  Observatories 
and  elsewhere.  A  total  of  15,105  stars  is  included,  and  proper  motions  are 
listed  for  90  per  cent  of  them.  Astronomers  concerned  with  stellar  motions 
and  galactic  structure  have  found  the  Catalogue  an  indispensable  tool  in  their 
studies.  Dr.  Wilson  was  a  member  of  several  astronomical  and  scientific  socie- 
ties and  received  the  Gold  Medal  of  the  Danish  Academy  of  Sciences  in  recog- 
nition of  his  work. 

Dr.  Arthur  L.  Day,  Director  of  the  Geophysical  Laboratory  from  its  begin- 
ning in  1907  until  his  retirement  in  1936,  died  on  March  2,  1960,  at  age  90. 
The  Laboratory  was  the  first  of  its  kind  in  the  world  to  be  set  up  for  the 
systematic  study  of  rock  formation,  and  through  Dr.  Day's  efforts  petrology 
was  established  as  a  quantitative  science.  Dr.  Day  bequeathed  his  entire  scien- 
tific library  to  the  Geophysical  Laboratory,  where  it  will  be  kept  as  a  fitting 
memorial  to  his  early  leadership  of  the  program. 

Concurrently  with  his  Directorship  of  the  Department,  Dr.  Day  was  a  Vice- 
President  of  the  Corning  Glass  Works  between  1919  and  1936.  He  had  previ- 
ously had  the  important  responsibility  of  supervising  optical-glass  production 
in.  this  country  during  the  first  World  War.  He  was  a  member  of  the  National 
Academy  of  Sciences  and  a  past  president  of  the  Geological  Society  of  America. 

The  death  of  Dr.  Walter  Baade  on  June  25,  1960,  at  Gottingen,  Germany, 
is  a  loss  that  the  Institution  feels  most  keenly  since  he  had  planned  to  visit  at 
the  Observatories  during  this  year.  Dr.  Baade  retired  in  1958,  after  twenty- 
seven  years  during  which  his  distinguished  work  developed  the  basis  for  cur- 
rent theories  on  the  evolution  of  stars,  and  provided  us  with  our  present  con- 
cepts of  the  scale  of  distances  in  the  universe.   Dr.  Baade  first  distinguished 
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two  general  types  of  stellar  populations  in  galactic  formations,  which  he  desig- 
nated Population  I  (blue  giants)  and  Population  II  (red  giants).  He  found 
the  first  most  plentiful  in  the  arms  of  spiral  galaxies,  while  the  second  pre- 
dominate in  the  nuclei  of  some  galaxies.  Deductions  from  this  discovery  led 
to  important  new  concepts  of  the  nature  of  stellar  evolution.  He  recalibrated 
the  cepheid  variable  stars,  increasing  their  precision  as  indicators  of  stellar  dis- 
tances beyond  the  Milky  Way.  This  recalibration  established  the  fact  that  such 
distances  must  be  considered  to  be  at  least  twice  as  great  as  had  previously  been 
estimated.  Dr.  Baade  also  collaborated  in  first  identifying  optically  several  of 
the  more  distant  celestial  sources  of  radio  emission,  among  them  the  galaxies 
in  collision  in  Cygnus  A,  already  mentioned,  and  a  supernova  in  Cassiopeia. 

After  his  retirement  Dr.  Baade  served  as  visiting  professor  of  astronomy  at 
Harvard  College,  then  at  the  Australian  National  University  at  Canberra,  and 
finally  at  Gottingen  University  in  Germany.  Among  Dr.  Baade's  many  aca- 
demic honors  was  the  Gold  Medal  of  the  Royal  Astronomical  Society. 

Dr.  Frank  C.  Kracek,  physical  chemist  at  the  Geophysical  Laboratory  from 
1923  until  his  retirement  in  1956,  died  in  Washington,  D.  C,  on  July  5,  1960, 
at  age  69.  Dr.  Kracek's  investigations  were  concerned  with  the  phase  equi- 
libria and  thermal  chemistry  of  silicates  and  sulfides  and  with  the  effect  of 
pressure  on  phase  equilibria.  During  World  War  II  he  carried  on  ballistic  re- 
search for  the  National  Defense  Research  Committee.  After  his  retirement 
from  the  Institution  he  continued  his  work  in  thermal  chemistry  at  the  Geo- 
physical Branch  of  the  U.  S.  Geological  Survey. 

Mr.  Karl  Ruppert,  a  member  of  the  Institution's  former  Department  of 
Archaeology  for  nearly  thirty-two  years,  died  in  Rochester,  Minnesota,  on 
August  13,  1960,  at  age  64.  He  had  retired  on  October  1,  1956.  Mr.  Ruppert 
took  an  active  part  in  the  excavation  and  restoration  of  Maya  buildings  at 
Chichen  Itza  in  Yucatan.  In  1947  he  was  in  charge  of  a  joint  Carnegie  Insti- 
tution and  United  Fruit  Company  expedition  to  Bonampak,  Chiapas,  Mexico, 
the  archaeological  site  now  famous  for  its  mural  paintings  by  the  Maya  Indians. 
The  location  of  the  site,  the  history  of  its  discovery,  and  its  architecture  are 
all  ably  described  by  Ruppert  in  Bonampa\,  Chiapas,  Mexico,  written  in  col- 
laboration with  J.  E.  S.  Thompson  and  Tatiana  Proskouriakoff  and  published 
by  the  Institution  in  1955.  When  the  Department  of  Archaeology  in  1950 
began  its  survey  of  the  last  important  center  of  aboriginal  Maya  civilization, 
the  ruins  of  Mayapan,  Mr.  Ruppert  worked  with  A.  L.  Smith  on  the  survey 
of  the  site  and  excavations  in  many  nonceremonial  buildings.  He  spent  much 
of  his  time  during  the  last  few  years  before  his  retirement  in  ordering  and 
analyzing  the  data  collected  at  Mayapan. 

Dr.  Colin  Stanley  Gum,  a  Research  Officer  of  the  Division  of  Radiophysics 
of  the  Commonwealth  Scientific  and  Industrial  Research  Organization,  Syd- 
ney, Australia,  and  Fellow  of  the  Mount  Wilson  and  Palomar  Observatories 
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for  the  year  beginning  August  1,  1959,  died  in  an  accident  in  Zermat,  Switzer- 
land, on  April  28,  1960.  He  was  in  Europe  at  the  time  working  on  plans  for 
a  new  Australian  telescope.  During  the  three  years  that  Dr.  Gum  was  at  the 
Radiophysics  Laboratory  he  participated  in  a  21-cm  survey  of  the  southern 
Milky  Way  and  later  interpretation  of  data  from  it.  He  also  played  a  major 
role  in  research  that  led  to  the  recommendation  of  a  new  system  of  galactic 
coordinates,  largely  based  on  21-cm  data.  Dr.  Gum  was  a  Fellow  of  the  Royal 
Astronomical  Society  and  a  member  of  the  International  Astronomical  Union 
and  the  American  Astronomical  Society.  His  loss  is  keenly  felt  in  the  United 
States  as  well  as  in  Australia. 


•    •    • 


and  Gains 


Mr.  Garrison  Norton,  President  of  the  Institute  for  Defense  Analyses  of 
Washington,  was  elected  a  Trustee  during  the  year.  Mr.  Norton  comes  to  the 
Board  with  a  most  distinguished  record  of  public  service.  Before  undertaking 
the  Presidency  of  the  Institute,  an  interuniversity  organization  which  assists 
the  Department  of  Defense,  Mr.  Norton  served  as  Assistant  Secretary  of  State 
(1945-1949),  as  Director  of  the  Export-Import  Bank  (1948-1949),  as  Deputy 
Director  of  the  International  Bank  and  Monetary  Fund  (1948-1949),  as  Con- 
sultant to  the  Secretary  of  the  Air  Force  (1951-1955),  and  as  Assistant  Secre- 
tary of  the  Navy  for  Air  (1956-1959).  During  the  second  World  War 
Mr.  Norton  was  a  naval  aviator  in  the  American  and  European  theaters,  end- 
ing the  war  with  the  rank  of  Captain.  Before  the  war  he  was  associated  with 
Arthur  Young  and  Company,  Accountants,  in  New  York,  becoming  a  gen- 
eral partner  of  that  firm  after  1930.  He  also  was  a  special  partner  in  the  in- 
vestment firm  of  William  A.  M.  Burden  and  Company,  New  York,  between 
1949  and  1952. 


I  am  especially  glad  to  report  that  Dr.  Philip  H.  Abelson,  the  Director  of 
the  Geophysical  Laboratory,  has  been  appointed  by  the  President  of  the  United 
States  to  the  nine-member  General  Advisory  Committee  of  the  Atomic  Energy 
Commission  for  a  term  of  six  years.  This  post  is  one  of  high  significance  in 
guiding  the  atomic  program  of  the  nation,  both  in  matters  of  defense  and  in 
the  development  of  atomic  energy  for  peaceful  purposes. 


It  is  also  my  particular  pleasure  to  report  that  Dr.  Olin  C.  Wilson  of  the 
Mount  Wilson  and  Palomar  Observatories  was  elected  during  the  year  to  the 
National  Academy  of  Sciences. 
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Three  astronomers  in  the  Institution  have  assumed  chairmanships  of  im- 
portant professional  committees  during  the  year.  Dr.  Ira  S.  Bowen,  Director 
of  the  Observatories,  was  elected  Chairman  of  Section  D  of  the  American 
Association  for  the  Advancement  of  Science;  Dr.  William  A.  Baum  was  ap- 
pointed Chairman  of  the  Committee  on  Astronomy,  Advisory  to  the  Office  of 
Naval  Research,  and  Dr.  Armin  J.  Deutsch,  Chairman  of  the  Advisory  Board 
for  the  National  Radio  Observatory  at  Green  Bank,  West  Virginia. 

Scott  E.  Forbush  of  the  Department  of  Terrestrial  Magnetism  was  elected 
an  honorary  professor  of  the  University  of  San  Marcos,  Lima,  Peru. 

Caryl  P.  Hasfyns 
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INTRODUCTION 


Astronomical  observations  with  optical 
telescopes  are  normally  limited  to  the 
wavelength  range  from  3000  to  12,000  A, 
although  a  few  investigations  using  photo- 
conductive  cells  or  thermocouples  have 
extended  this  range  to  about  140,000  A.  In 
the  1930's  a  few  observations  were  made 
which  indicated  that  radiations  in  the 
short-wave-radio  range  are  also  reaching 
the  earth's  surface  from  outside  the  solar 
system.  During  the  war  tremendous  ad- 
vances in  short-wave-radio  techniques  re- 
sulted from  the  development  of  radar.  At 
the  conclusion  of  the  war  various  groups, 
notably  in  England  and  in  Australia, 
applied  these  new  techniques  to  the  in- 
vestigation of  this  extraterrestrial  radiation 
in  the  wavelength  range  from  a  few 
centimeters  to  several  meters.  It  im- 
mediately became  evident  that  astronomi- 
cal radio  sources  exist  in  substantial  num- 
bers and  that  the  study  of  their  radiations 
would  assist  in  the  solution  of  many  out- 
standing problems  in  astronomy  as  well 
as  open  up  several  entirely  new  fields. 

Because  of  the  important  role  these  new 
radio  techniques  were  expected  to  play  in 
future  astronomical  investigations,  steps 
were  taken  in  1955  by  the  California  Insti- 
tute for  the  construction  of  a  radio  ob- 
servatory with  the  financial  assistance  of 
the  Office  of  Naval  Research.  The  result 
was  the  completion  in  1959  of  a  radio  ob- 
servatory in  a  well  shielded  location  near 
Bishop  in  Owens  Valley.  The  chief  in- 
stallation is  a  pair  of  steerable  90-foot 
paraboloids  which  can  be  operated  as  an 
interferometer  with  separations  up  to  1600 
feet.  Since  the  techniques  used  are  very 
different  from  those  of  optical  astronomy, 
and  since  the  conditions  for  undisturbed 
operation  require  a  location  far  from  the 
optical  installations  at  Mount  Wilson  and 
at  Palomar  Mountain,  the  radio  observa- 
tory was  set  up  as  a  separate  organization 
under  the  direction  of  Professor  John 
Bolton.  Nevertheless,  from  the  start  of  the 


new  project  the  radio  and  optical  groups 
have  cooperated  very  closely.  In  order  to 
ensure  proper  future  coordination  between 
the  projects  of  the  two  Observatories,  Pro- 
fessor Bolton  was  appointed  to  the  Ob- 
servatory Committee  on  the  retirement  of 
Professor  Watson  early  in  1960. 

One  important  achievement  late  in  the 
current  year  may  be  cited  as  an  example  of 
the  great  value  of  this  close  cooperation 
between  the  two  groups  of  astronomers. 
The  early  radio  surveys  of  the  sky  made 
soon  after  the  war  employed  small  instru- 
ments of  low  resolving  power  and  accu- 
racy, so  that  many  of  the  fainter  sources 
were  located  with  too  little  precision  to 
permit  definite  identification  with  opti- 
cally observed  objects.  During  the  past 
two  years  two  new  surveys  have  been 
carried  out — one  at  Cambridge,  England, 
at  wavelengths  of  169  and  189  centimeters, 
and  the  other  with  the  new  California  In- 
stitute equipment  at  Bishop  at  a  wave- 
length of  31.2  centimeters.  All  surveys 
obtained  accuracies  of  a  very  few  minutes 
of  arc. 

One  source  (3C295),  which  ranked  be- 
tween 20  and  25  in  order  of  intensity 
among  sources  of  all  types  observable  from 
northern-hemisphere  stations,  was  located 
by  both  surveys  at  a  point  very  close  to 
R.A.  =  14h09^6  and  decl.  =  52°27'  (1950). 
Using  the  200-inch  Hale  telescope, 
Minkowski  obtained  a  series  of  plates  in 
different  colors  centered  on  this  position 
and  found  the  most  distant  cluster  of 
galaxies  that  has  thus  far  been  observed. 
Among  the  brightest  galaxies  in  the  cluster 
is  one  that  shows  peculiar  color  char- 
acteristics which  suggested  that  it  might 
be  a  pair  of  galaxies  in  collision  and  would 
therefore  be  expected  to  have  one  or  more 
spectrum  lines  in  emission.  During  the 
last  observing  run  before  his  retirement, 
Minkowski  succeeded  in  obtaining  two 
spectra  of  this  galaxy.  Both  showed  a 
definite  line  at  A5447.8.   Assuming  this  to 
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be  the  redshifted  position  of  the  [O  II] 
line  at  A3727,  which  is  normally  the 
brightest  line  in  objects  of  this  type,  he 
obtained  a  redshift  of  AA/A  =  0.4614  with  a 
probable  error  of  ±0.0002.  This  cor- 
responds to  a  velocity  of  about  138,000 
km/sec. 

During  the  same  dark-of-the-moon  run 
Baum  obtained  multicolor  photometric  ob- 
servations of  two  of  the  somewhat  fainter 
galaxies  of  the  same  cluster  and  con- 
structed their  continuous  emission  curve. 
The  displacement  in  wavelength  of  this 
curve  from  the  corresponding  curves  of 
near-by  galaxies  also  indicated  a  redshift  of 
AA/A  =  0.46,  with  an  uncertainty  of  not 
over  10  per  cent.  This  definitely  con- 
firmed the  identification  of  the  emission 
line  as  A3727  and  also  removed  any  doubt 
that  the  galaxy   observed  by  Minkowski 


was  a  member  of  the  cluster  and  not  a 
foreground  object. 

Hitherto  the  most  distant  cluster  for 
which  a  measurable  spectrum  had  been  ob- 
tained gave  a  redshift  of  AA/A  =  0.20,  and 
the  most  distant  cluster  observed  photo- 
electrically  had  a  redshift  of  AA/A  =  0.35. 

The  classical  example  of  a  radio  source 
caused  by  colliding  galaxies  is  Cygnus  A, 
which  has  a  redshift  of  AA/A  =  0.056.  As- 
suming that  the  distances  are  proportional 
to  the  redshifts,  the  new  source  is  a  little 
over  8  times  as  far  away  as  Cygnus  A. 
If  the  two  radio  sources  have  the  same 
absolute  strength,  their  apparent  intensi- 
ties should  have  a  ratio  of  about  70.  The 
observed  ratios  are  115  at  the  longer  wave- 
lengths and  70  at  the  shorter  wavelength, 
indicating  that  the  two  sources  are  of  com- 
parable   strength. 


OBSERVING  CONDITIONS 


The  precipitation  on  Mount  Wilson  was 
the  second  lowest  on  record,  with  a  total 
of  17.14  inches.  In  only  3  of  the  last  15 
years  has  the  rainfall  been  above  the  aver- 
age of  the  56  years  for  which  records  are 


available.  Solar  observations  were  made  on 
338  days,  and  observations  were  made 
on  310  nights  with  the  100-inch  telescope 
and  on  291  nights  with  the  60-inch  tele- 
scope. 


SOLAR  OBSERVATIONS 


Solar  Photography 

Solar  observations  were  made  by  Cragg 
and  Hickox.  The  numbers  of  photographs 
of  the  various  kinds  taken  between  July  1, 
1959,  and  June  30,  1960,  were  as  follows: 

Direct  photographs  328 

Ha  spectroheliograms,  60-foot  focus  49 

Hot  spectroheliograms,  18-foot  focus  285 

K2  spectroheliograms,  18-foot  focus  286 

K  prominences,  18-foot  focus  250 
Magnetograms    (regular    disk    and    polar 

scans)  165 

The  13-foot  spectroheliograph  in  the 
60-foot  solar  tower  underwent  considerable 
modification  and  was  not  in  operation 
from  May  4  to  26,  1960,  inclusive. 

Solar  Activity 

The  magnetic  classification  and  the 
study  of  sunspots  and  related  phenomena 


have  been  continued  by  Cragg.  Coopera- 
tive programs  have  been  carried  out  with 
the  Observatory  of  Kodaikanal  and  the 
Meudon  Observatory.  During  the  calendar 
year  1959,  solar  observations  were  made 
on  339  days,  on  none  of  which  was  the  sun 
without  spots.  The  total  number  of  sun- 
spot  groups  observed  in  1959  was  818,  the 
third  highest  on  record  at  Mount  Wilson. 
The  two  higher  records  were  910  in  1958 
and  855  in  1957.  Although  sunspot  ac- 
tivity was  very  high  in  1959,  it  is  clear  that 
sunspot  maximum  is  past.  The  northern 
hemisphere  has  continued  to  be  the  more 
active,  having  569  groups  while  the  south- 
ern hemisphere  had  only  249.  This  is  the 
largest  excess  of  one  hemisphere  over  the 
other  in  the  history  of  Mount  Wilson  ob- 
servations. 
One  group  lasting  more  than  1  day  at  a 
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mean  distance  from  the  equator  of  40°  or 
more  was  observed  in  1959.  This  brings 
the  total  of  such  groups  so  far  this  cycle 
to  34,  compared  with  12  such  groups  be- 
tween 1874  and  1954. 

Monthly  means  of  the  number  of  groups 
observed  per  day  for  the  past  2y2  years  are 
shown  in  table  1. 


TABLE 

1 

Daily  Number  of  Sunspot 

Groups 

Month 

1958 

1959 

1960 

January 

17.9 

17.3 

12.8 

February 

14.3 

11.2 

7.8 

March 

13.2 

15.1 

8.9 

April 

16.0 

13.9 

8.8 

May 

15.8 

13.5 

9.7 

June 

14.0 

15.2 

10.7 

July 

13.8 

12.6 

August 

14.8 

15.2 

September 

16.6 

12.2 

October 

14.5 

9.8 

November 

12.7 

9.9 

December 

15.1 

10.1 

Yearly   mean 

14.9 

13.0 

Magnetic  Polarities 

Magnetic  polarities  in  each  spot  group 
have,  if  possible,  been  measured  at  least 
once.  The  classification  of  groups  ob- 
served between  July  1,  1959,  and  June  30, 
1960,  is  indicated  in  table  2.    "Regular" 


TABLE  2 

Hemisphere 

Regular 

Irregular 

Unclassified 

North 
South 

Whole  sun 

204 
115 

319 

4 
1 

5 

232 
105 

337 

groups  in  the  northern  hemisphere  are 
those  in  which  the  preceding  members 
have  N  (north-seeking)  polarity;  in  the 
southern  hemisphere  the  polarities  are  re- 
versed. 


Solar  Magnetic  Fields 

The  modifications  of  the  solar  magneto- 
graph  required  for  magnetic  scanning  of 
limited  areas  of  the  disk  (5'  X5')  were 
described  last  year.  This  fine-scan  equip- 
ment was  developed  by  Howard  and 
H.  W.  Babcock  to  the  point  where  re- 
peated scans  of  selected  areas  with  a  reso- 
lution of  5"  could  be  made  at  intervals  of 
15  minutes.  In  effect,  the  instrument 
records  magnetic  contours  at  four  or  five 
preset  levels  of  field  intensity  as  well  as 
the  polarity  at  each  point.  On  July  16, 
1959,  Howard  was  able  to  obtain  with  this 
fine-scan  equipment  a  sequence  of  mag- 
netograms  covering  nearly  all  the  develop- 
ment of  a  large  solar  flare.  This  provided 
completely  objective  evidence  about  the 
photospheric  magnetic  fields  underlying 
the  flare.  Observations  of  three  small  flares 
substantiated  the  results.  The  records 
showed  no  appreciable  variations,  indicat- 
ing that  no  drastic  rearrangement  or  dis- 
integration of  the  photospheric  magnetic 
field  occurred,  a  result  at  variance  with 
observations  reported  elsewhere.  Because 
the  magnetic  observations  pertain  to  the 
reversing  layer,  they  do  not  preclude  the 
violent  redisposition  or  neutralization  of 
the  magnetic  field  at  higher  atmospheric 
levels  of  lower  density,  i.e.,  within  the 
flare  itself.  Such  a  process  remains  the 
most  likely  source  of  energy  for  flares. 

Further  improvements  have  been  ef- 
fected in  the  magnetograph  as  applied  to 
scans  of  the  whole  solar  disk.  A  special 
high-resolution  cathode-ray  tube,  together 
with  improved  technique  for  intensity 
modulation  in  response  to  the  magnetic 
signal,  now  permits  scanning  of  the  disk 
with  a  resolution  of  23"  in  1  hour.  Field- 
intensity  levels  of  about  5,  10,  20,  40,  and 
60  gauss  can  be  recorded  automatically, 
together  with  polarity,  at  all  points. 
Hickox,  Cragg,  and  H.  W.  Babcock  have, 
when  possible,  made  disk  scans  as  well  as 
partial  scans  of  the  polar  regions  of  the 
sun  with  higher  sensitivity.  H.  D.  Bab- 
cock in  Pasadena  has  also  continued  his 
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observations  of  the  weak,  high-latitude 
dipolar  field  of  the  sun,  which  has  re- 
mained consistent  in  polarity  since  the 
reversal  reported  last  year. 

The  Mount  Wilson  magnetograph, 
when  properly  adjusted  and  calibrated,  is 
particularly  useful  in  recording  the  vary- 
ing fine  structure  of  the  weak  fields  and 
their  relation  to  such  features  as  promi- 
nences, plages,  and  flares.  Quantitative 
studies,  though  greatly  needed,  have  been 
postponed  for  lack  of  time.  The  main 
long-term  problem  for  which  the  observa- 
tions are  designed  is  the  elucidation  of  the 
22-year  magnetic  cycle  of  the  sun  and  the 
origin  of  the  reversal  of  the  dipolar  field. 
The  suggestion  in  1955  that  the  dipolar 
field  may  result  from  the  migration  of 
portions  of  disintegrating  local  bipolar 
regions  that  arise  in  low  latitudes  remains 
a  promising  hypothesis. 

The  general  interest  in  solar  magneto- 
hydrodynamic  phenomena  and  the  sig- 
nificance of  the  problems  involved  sug- 
gest that  serious  consideration  should  be 
given  to  this  question :  Should  not  such  an 
instrument  as  the  magnetograph  be  de- 
veloped to  a  level  consistent  with  the  best 
that  modern  technology   and  instrument 


engineering  have  to  offer?  A  fully  de- 
veloped magnetograph  would  record 
rapidly,  accurately,  and  quantitatively, 
with  (1")  resolution,  not  only  the  longi- 
tudinal magnetic  field  strength  and  polar- 
ity, but  also,  simultaneously  and  to  the 
same  scale,  the  transverse  field  with  its 
position  angle,  the  Doppler  velocity,  and 
monochromatic  light  intensity  of  the 
image  in  selected  wavelengths. 

With  the  foregoing  considerations,  as 
well  as  the  inherent  limitations  of  the  150- 
foot  tower  telescope,  in  mind,  a  design 
study  was  made  by  H.  W.  Babcock  for  a 
solar  telescope  particularly  suited  to  mag- 
netic studies  and  adapted  to  the  conditions 
prevailing  on  Mount  Wilson.  This  design 
features  an  optical  system  consisting  of  a 
coude  flat  and  an  off-axis  paraboloid.  To 
minimize  local  turbulence,  a  separate, 
equatorially  mounted  shield  tube  for  the 
incoming  light  is  contemplated.  Such  a 
tube,  perhaps  120  feet  long,  pointed  di- 
rectly toward  the  sun,  appears  to  offer  a 
minimum  of  local  disturbance  as  well  as 
the  admittance  of  light  at  a  sufficient 
height  above  the  terrain.  The  engineering 
aspects  seem  challenging  but  not  insuper- 
able. 


STELLAR  SPECTROSCOPY 


Extensive  spectroscopic  observations  have 
been  made  with  all  the  large  reflectors 
during  the  report  year,  708  spectrograms 
having  been  taken  with  the  200-inch  tele- 
scope, 1099  with  the  100-inch,  and  1546 
with  the  60-inch. 

Chemical  Composition  of  Stellar 
Atmospheres 

Greenstein,  in  collaboration  with  Dr. 
L.  Aller,  completed  the  study  of  four  sub- 
dwarfs;  HD  19445,  HD  140283,  HD 
219617,  and  HD  161817.  The  last  is 
peculiar  but  does  not  have  large  abundance 
deficiencies.  HD  219617  has  an  intermedi- 
ate composition,  but  HD  19445  and 
HD  140283  have  metal  deficiencies,  as 
compared  with  the  sun,  by  a  factor  of  100. 


Relative  to  other  metals,  nickel  was  slightly 
more  abundant. 

Jugaku  used  scans  by  Oke  and  spectra 
by  Greenstein  to  analyze  the  late-type 
subdwarf  HD  103095,  Groombridge  1830. 
Originally  classified  as  G8,  the  star  has  the 
temperature  of  a  K3  dwarf  and  a  defi- 
ciency of  metals  by  a  factor  of  30. 

A  program  for  study  of  old  K  subgiants 
has  been  initiated.  Stars  below  the  M  67 
sequence  and  younger  comparison  objects 
have  been  obtained  at  4.5  A/mm  (blue) 
and  7  A/mm  (red).  A  program  of  abun- 
dance studies  in  K  giants  in  binaries  of 
known  mass  has  been  undertaken  by 
Greenstein,  Heifer,  and  Wallerstein. 

The  composition  of  the  G  dwarfs  in 
the  Hyades  has  been  studied  by  Parker, 


MOUNT  WILSON  AND  PALOMAR  OBSERVATORIES        7 


Greenstein,  Heifer,  and  Wallerstein.  Stars 
almost  identical  with  the  sun  in  color  and 
type  had  been  observed  at  Mount  Wilson, 
and  the  observations  were  repeated  at 
Palomar.  Very  careful  analysis  indicates 
that  the  average  metal  content  is  slightly 
higher  in  the  Hyades  than  in  the  sun,  with 
only  barium  showing  a  significant  increase. 

A  group  of  G  dwarfs  belonging  to  some 
of  Eggen's  moving  groups  has  been  studied 
by  Heifer,  Wallerstein,  and  Greenstein. 
Of  these  objects,  HD  115043,  HD  30455, 
and  A  Aurigae,  the  last  two  are  old  and 
of  slightly  high  velocity.  The  metal  abun- 
dances are  close  to  those  in  the  sun,  ex- 
cept for  an  overabundance  of  barium  and, 
surprisingly,   a  deficiency   in   manganese. 

Traving  found  that  a  high-latitude  B 
star,  BD  4-33°2642,  probably  of  Popula- 
tion II,  showed  carbon,  nitrogen,  oxygen, 
magnesium,  and  silicon  less  abundant  than 
in  normal  B  stars  by  a  factor  of  5  or  10. 
The  H/He  ratio,  however,  is  normal  in 
this  object  and  in  Barnard  29  in  M  13. 

The  work  on  abundances  will  be  greatly 
simplified  by  the  possibility  of  comparing 
K  giants  and  subgiants  of  different  ages 
and  velocity  groups  with  a  normal  K  giant 
of  known  composition.  For  this  purpose 
Cayrel  is  preparing  K-giant  model  atmos- 
pheres, Bonsack  has  obtained  1  A/mm  dis- 
persion plates  of  c  Virginis,  and  Waller- 
stein and  Heifer  have  obtained  spectra  of 
K  giants  in  the  Hyades.  Since  the  compo- 
sition of  the  Hyades  is  now  well  known, 
comparisons  of  peculiar  stars  with  such 
standards  should  ultimately  provide  an 
accuracy  of  composition  analysis  approach- 
ing 15  per  cent,  a  value  now  attainable  for 
G  dwarfs.  Bonsack  has  obtained  spectra 
also  of  the  strong-line  star  a  Serpentis  and 
the  weak-line  star  y  Piscium. 

Norton  has  initiated  a  program  of  study 
of  the  spectra  of  early  supergiants.  In  par- 
ticular, distant  objects  in  other  spiral  arms 
are  being  observed  to  ascertain  whether 
composition  differences  exist. 

Curves  of  growth  have  been  constructed 
by  Preston  from  measures  of  coude  spec- 


trograms of  the  RR  Lyrae  stars  DX  Del- 
phini,  RR  Lyrae,  and  X  Arietis.  This  set 
of  stars  possesses  the  entire  range  in 
metallic-line  strengths  encountered  among 
the  brighter  RR  Lyrae  stars  of  the  general 
field.  Excitation  temperatures  for  DX  Del 
and  RR  Lyr  derived  at  phases  on  the 
descending  branches  of  the  light  curves 
are  similar;  X  Ari  appears  to  be  slightly 
cooler.  Abundances  of  several  elements 
relative  to  hydrogen  have  been  derived  on 
the  assumption  that  the  difference  be- 
tween the  excitation  and  ionization  tem- 
peratures is  constant  for  F-type  stars.  Sub- 
ject to  uncertainties  in  the  method  of 
analysis,  DX  Del  appears  to  have  metal 
abundances  comparable  to  those  of  the 
sun;  metal  abundances  in  RR  Lyr  and  X 
Ari  are  lower  by  approximately  one  and 
two  orders  of  magnitude,  respectively.  A 
good  correlation  is  found  between  the 
equivalent  width  of  the  K  line  of  Ca  II 
and  the  hydrogen-to-metal  ratio,  which 
suggests  that  for  the  Bailey  type  a  variables 
abundances  can  be  inferred  from  K-line 
measurements  alone.  Additional  stars  must 
be  studied  to  see  whether  or  not  tempera- 
ture differences  among  members  of  this 
class  of  variables  can  alter  the  above  cor- 
relation. 

In  connection  with  the  above  program, 
photoelectric  observations  on  the  U,  B,  V 
system  have  been  obtained  for  DX  Del 
and  X  Ari. 

Swings  has  obtained  several  spectra, 
some  extending  well  into  the  ultraviolet, 
of  two  rare-earth  stars,  HD  2453  and 
HD  188041.  It  is  hoped  to  make  better 
assignments  of  rare-earth  lines  on  the  basis 
of  detailed  measurements,  identifications, 
and  intensity  determinations. 

Peculiar  Stars  and  Nucleo genesis 

Bonsack,  extending  his  study  of  lithium 
abundance,  has  found  that  in  all  twelve 
stars  of  the  T  Tauri  type  lithium  is  more 
abundant  by  a  factor  of  100  than  in  the 
sun.  These  stars,  in  the  process  of  con- 
densation in  regions  of  high  interstellar 
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gas  and  dust,  are  apparently  all  under- 
going unknown  processes  resulting  in  the 
production  of  lithium,  unless  the  inter- 
stellar density  of  lithium  is  high.  High- 
energy  fragmentation  of  heavy  nuclei  by 
soft  cosmic  ray  (less  than  1  bev)  is  one 
possibility.  It  is  possible  that  the  generation 
of  a  high  flux  of  soft  cosmic  rays  occurs 
often  during  star  formation.  Dr.  William 
Fowler  of  the  California  Institute  and 
Greenstein  suggest  that  this  type  of  nucleo- 
genesis  and  the  process  of  planet  formation 
may  be  linked  with  such  a  discharge  of 
surplus  rotational  and  magnetic  energy. 

Bonsack  has  also  studied  the  lines  of 
beryllium  in  the  far  ultraviolet  in  A  stars. 
He  finds  that  beryllium  is  variable  from 
star  to  star,  being  deficient  in  Sirius,  pres- 
ent in  Vega,  and  strong  in  the  magnetic 
star  a2  Canum  Venaticorum. 

One  of  the  most  unusual  stars  so  far 
studied  is  3  Centauri  A,  a  B  star  in  the 
Scorpio-Centaurus  group.  It  has  strong, 
sharp  lines  of  P  II  and  P  III,  in  addition 
to  the  elements  normally  present.  A  rough 
analysis  by  Sargent  and  Jugaku  indicates 
that  carbon,  oxygen,  and  neon  are  defi- 
cient, and  that  phosphorus  is  present  with 
an  excess  abundance  of  nearly  100.  The 
type  of  nucleogenetic  process  that  would 
produce  excess  phosphorus  is  not  clear. 
Either  neutron  capture  on  neighboring 
elements  or  fusion  of  heavy  nuclei,  like 
oxygen,  is  possible. 

Mass  Loss  from  Stars  with  Extended 
Atmospheres 

It  has  now  been  established  that  most 
or  all  M  giants  and  supergiants  exhibit 
circumstellar  (CS)  absorption  lines  at  H 
and  K.  Among  M  giants  with  absolute 
visual  magnitudes  fainter  than  —2.5,  the 
strengths  of  these  CS  lines  correlate  very 
well  with  spectral  type,  the  equivalent 
widths  being  about  100  mA  at  Ml  and 
about  550  mA  at  M5.  This  relationship 
may  indicate  either  that  mass  ejection  sets 
in  sharply  at  type  M0  among  these  stars, 
and  increases  its  rate  steeply  with  advanc- 


ing spectral  type,  or  that  the  rate  of  mass 
ejection  remains  more  nearly  constant 
among  all  late-type  giants,  the  enhance- 
ment of  the  CS  lines  being  then  due 
simply  to  a  sharp  decrease  of  second  ioni- 
zation of  the  metals  toward  lower  effec- 
tive temperatures.  If  the  first  alternative 
is  correct,  Deutsch  finds  that  near  the  sun 
the  integrated  rate  of  mass  loss  from  all 
M  giants  together  amounts  to  approxi- 
mately 5  X  10~12  solar  mass  per  year  per 
square  parsec  in  projection  on  the  plane 
of  the  galaxy;  the  exact  value  depends 
mainly  upon  the  Doppler  width  of  the  ab- 
sorption coefficient,  which  is  still  in  some 
doubt.  According  to  Schmidt,  however, 
considerations  of  stellar  evolution  require 
that  all  stars  near  the  sun  return  matter  to 
the  interstellar  medium  at  a  rate  about 
100  times  faster  than  this. 

The  conclusion  therefore  seems  inescap- 
able that  in  most  of  the  mass  loss  which 
must  attend  the  evolution  of  massive  stars 
only  a  small  proportion  of  the  metals  re- 
side in  states  of  ionization  lower  than  the 
second.  Until  high-dispersion  observations 
can  be  made  in  the  vacuum  ultraviolet, 
we  must  rely  upon  theoretical  arguments 
to  indicate  the  rates  of  mass  loss  at  various 
points  along  the  evolutionary  track  of  a 
massive  star.  Theoretical  studies  of  the 
ionization  equilibrium  to  be  expected  in 
the  envelopes  of  various  yellow  and  red 
giants  are  now  under  way.  The  results 
will  depend  sensitively  upon  the  flux  long- 
ward  from  the  Lyman  limit,  and  this  is 
still  subject  to  large  uncertainties.  If  this 
flux  corresponds  approximately  to  the  ef- 
fective temperature,  Deutsch  finds  that 
double  ionization  remains  appreciable  for 
all  giants  earlier  than  type  M4. 

In  the  1956  work  on  the  CS  envelope  of 
a  Herculis  it  was  assumed  that  the  ioniza- 
tion is  uniform  throughout  the  envelope. 
This  assumption  is  probably  not  correct. 
The  ionization  is  likely  to  decrease  out- 
ward, and  this  will  introduce  stratification 
effects  that  must  be  considered  in  inter- 
preting the  observations  of  the  CS  lines. 
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Besides  a  Her,  several  other  binaries 
containing  late-type  giants  have  now  been 
found  to  show  unambiguous  evidence  of 
cold  envelopes  many  times  larger  than  the 
stellar  radii.  A  notable  example  is  v\ 
Geminorum,  of  type  M3  II.  The  visual 
companion  is  of  type  GO  III  or  IV.  Al- 
though nearly  five  magnitudes  fainter 
visually  than  the  primary  star,  and  only 
1"  distant,  the  companion  has  been  suc- 
cessfully observed  by  Deutsch  at  the  Palo- 
mar  coude  at  9  A/mm  on  a  night  of  ex- 
ceptional seeing.  The  G-type  spectrum  is 
relatively  free  from  contamination  at  H 
and  K,  and  clearly  shows  the  CS  absorp- 
tion lines  attributable  to  the  M-star  en- 
velope. 

Another  visual  binary  that  shows  a  simi- 
lar effect  is  a  Scorpii,  Ml  lb.  Spectra  of 
the  B4  V  companion,  which  is  3"  distant, 
show  a  number  of  relatively  sharp,  deep 
absorption  lines  in  the  far  ultraviolet. 
These  have  been  identified  with  the 
strongest  lines  arising  from  the  lowest 
terms  of  Ti  II.  Unlike  the  CS  lines  ob- 
served in  the  companions  of  a  Her  and 
v\  Gem,  which  all  arise  from  levels  with 
exactly  zero  excitation,  the  Ti  II  lines  in- 
clude several  that  arise  from  excited  sub- 
levels  within  the  ground  term,  the  excita- 
tion potentials  ranging  between  0.00  and 
0.05  ev.  Evidently  these  levels  are  popu- 
lated by  electron  collisions  under  the  in- 
fluence of  the  radiation  field  of  the  B  star. 
The  radial  velocity  from  these  lines  agrees 
with  that  from  the  stronger  components  of 
the  sharp,  double  absorption  lines  at  H 
and  K,  thus  confirming  the  suspicion  that 
these  components  are  circumstellar  rather 
than  interstellar  in  origin. 

Observations  at  high  dispersion  of  the 
emission  lines  that  arise  in  the  nebula 
around  the  B  star  have  also  continued. 
Whereas  this  unique  object  shows  no 
emission  lines  of  H,  the  monochromatic 
intensity  within  the  strongest  lines  of 
[Fe  II]  is  among  the  highest  in  any  nebula 
in  the  sky.  Although  the  profiles  are  well 
resolved,  the  [Fe  II]  lines  have  been  photo- 


graphed against  the  sky  with  a  dispersion 
of  2.3  A/mm  in  less  than  an  hour  at  a 
camera  focal  ratio  of  //12.  Recent  spectro- 
grams appear  to  confirm  the  existence  of 
changes  in  line  width  and  radial  velocity 
across  the  nebula.  The  [Fe  II]  lines  are 
narrowest  between  the  M  and  B  stars, 
and  probably  become  double  on  the  op- 
posite side  of  the  B  star. 

The  single-line  spectroscopic  binary 
u  Ursae  Majoris,  of  type  M0  III,  shows 
absorption  components  at  H  and  K  which 
do  not  exhibit  the  orbital  Doppler  shifts 
of  other  lines  in  the  spectrum.  These  ab- 
normal features  also  vary  in  strength, 
being  systematically  weak  or  absent  near 
quadratures  and  strongest  near  conjunc- 
tions. They  evidently  arise  in  a  circum- 
stellar cloud  or  stream  which  is  much 
smaller  than,  but  probably  related  to,  the 
very  distended  envelopes  encountered  in 
later  M  giants.  Absorption  lines  variable 
in  intensity  and  radial  velocity  also  have 
been  observed  in  the  luminous  K  giants 
Y  Aquilae  and  £  Pegasi. 

Because  of  the  importance  of  the  prob- 
lem of  the  rate  of  mass  loss  from  red 
giants  to  the  theory  of  stellar  evolution, 
Weymann  has  been  studying  the  M  super- 
giant  a  Ononis  in  the  hope  that  such  an 
extreme  object  may  provide  clues  about 
how  and  at  what  rate  ejection  occurs. 
Displaced  cores  representing  outward 
streaming  appear  in  lines  up  to  1.5  ev 
excitation.  The  curves  of  growth  for  these 
cores  show  only  moderate  turbulence.  It  is 
very  difficult  to  ascertain  the  level  of 
ionization.  The  excitation  temperature  is 
not  excessively  low.  The  radiation  field, 
however,  must  be  very  dilute  and  the 
matter  strongly  condensed  in  a  filamentary 
pattern.  The  rate  of  mass  loss  indicated 
is  unexpectedly  small. 

The  Strength  of  Emission  H  and  K  as 
Absolute  Magnitude  Criteria 

During  the  year,  Wilson  has  continued 
the  investigation  of  the  relationship  be- 
tween the  width  of  the  emission  H  and  K 
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lines  and  absolute  magnitude.  Because 
these  lines  become  increasingly  difficult 
to  observe  as  fainter  stars  are  reached,  a 
law  of  diminishing  returns  sets  in  which 
limits  the  usefulness  of  the  method  when 
only  conventional  photographic  procedures 
are  available.  Nevertheless,  observations 
have  now  been  made  on  well  over  400 
stars.  Much  time  has  been  devoted  to  ob- 
taining additional  spectrograms,  especially 
of  the  fainter  stars.  The  principal  objective 
is  to  delineate  as  accurately  as  possible  the 
color-magnitude  diagram  for  these  late- 
type  stars  in  the  solar  neighborhood,  and 
this  goal  seems  to  have  been  fairly  well 
attained.  It  would  be  advantageous  to 
have  more  stars  accurately  located  near 
the  lower  boundary  of  the  distribution  in 
the  color-magnitude  plane,  and  such  an 
extension  of  the  program  is  contemplated 
when  suitable  image-intensifier  tubes  be- 
come available. 

An  observation  that  appears  to  be  of  im- 
portance in  connection  with  the  ejection 
of  matter  from  M-type  stars  has  resulted 
from  the  main  H  and  K  program  in  which 
several  such  stars  were  included.  The 
measures  show  that,  in  virtually  all  M-type 
stars  exhibiting  shortward  displaced  ab- 
sorption components  (interpreted  as  evi- 
dence of  ejection  of  matter),  the  emission 
components  are  also  displaced  in  the  same 
direction,  though  by  a  lesser  amount.  It 
seems  reasonable  to  assume,  therefore,  that 
in  the  chromospheric  zone  where  the 
emission  components  arise  outflow  of 
matter  is  already  taking  place.  On  the 
other  hand,  a  statistical  study  of  the 
measures  of  many  normal  G-K  giants  fails 
to  show  any  evidence  for  mass  loss  from 
these  stars. 

Variable  and  Emission-Line  Stars 

The  symbiotic  objects  Z  Andromedae 
and  AG  Pegasi  were  observed  by  Swings 
mainly  for  detection  of  new  emissions  in 
the  red  and  near  infrared;  interesting 
bright  lines  are  indeed  present.  For  com- 
parison, spectra  of  the  two  objects  were 


also  taken  in  the  usual  spectral  region; 
one  marvelously  rich  spectrum  of  Z  And 
with  a  10  A/mm  dispersion  was  obtained. 

Three  shell  stars,  HD  190073,  HD 
187399,  and  HD  195407,  were  also  ob- 
served by  Swings.  HD  190073  has  a  very 
peculiar  profile  of  H  and  K  (several  sharp 
absorption  components),  but  the  Ca  II 
infrared  triplet  appears  in  very  strong, 
broad  emission.  The  two  Ca  II  transitions 
are  being  compared.  Other  interesting 
features  are  observed  in  this  star.  The 
spectrograms  of  HD  187339  and  HD 
195407  reveal  much  more  information  than 
has  hitherto  been  published  on  these  re- 
markable shell  stars. 

Spectra  of  two  Of  stars,  9  Sagittae  and 
HD  190429,  were  also  photographed  by 
Swings  for  possible  detection  of  new  emis- 
sions in  the  red  and  near  infrared  region. 

Sargent  has  been  studying  p  Cassiopeiae, 
which  exhibits  pronounced  line  doubling. 
Lines  up  to  2  ev  showed  the  outer  envelope 
component  displaced  about  30  km/sec 
from  1955  to  1958;  in  1959  they  became 
sharper  and  the  displacement  increased. 
Certain  multiplets  of  Fe  I  whose  upper 
levels  are  populated  by  transitions  from  the 
ground  states  are  seen  in  emission,  as  are 
Ca  I,  A6572,  and  Ha.  A  curve  of  growth 
indicates  a  large  turbulence,  20  to  30 
km/sec,  increasing  with  excitation  poten- 
tial. Sargent  hopes  to  study  the  properties, 
mass,  and  dynamics  of  this  shell. 

The  spectrum  of  the  star  V348  Sagittarii 
at  maximum  has  been  observed  by  Green- 
stein.  It  is  extraordinarily  rich  in  emission 
lines,  including  many  elements  of  high 
excitation  like  Ar  II,  Ne  II,  N  II,  C  II,  and 
C  III.  The  underlying  continuum  shows 
only  H  and  K  absorption  lines. 

During  its  last  minimum,  R  Coronae 
Borealis  had  an  extraordinary  variable 
spectrum.  On  the  first  decline  essentially 
all  normal  lines  became  sharp  emission 
lines,  with  some  enhancement  of  low- 
excitation  ions.  Later,  very  broad  emis- 
sions of  Ca  II  and  a  broad  line  at  A3888, 
probably  He  I,  dominated  the  spectrum. 
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Fine  structure  persisted  in  these  broad 
lines.  Weak  emission  of  CN  shortward  of 
A3883  was  also  visible.  The  absorption 
spectrum  later  reappeared,  and  only  a  few 
emission  lines,  Sc  II  and  Sr  II,  persisted. 
Apparently  an  extensive  chromosphere 
persisted  in  emission  after  the  normal  star 
was  first  veiled  over.  After  recombination 
in  the  extended  envelope,  it  is  possible 
that  other  specific  mechanisms  produced 
the  broad  high-temperature  feature,  A3888 
of  He  I.  No  hydrogen  lines  were  seen  in 
emission. 

Sixty-nine  more  spectrograms  (80 
A/mm)  of  RV  Ursae  Majoris  obtained  by 
Preston  with  the  60-inch  telescope  in 
March,  April,  and  May  1960  will  be  used 
to  improve  the  preliminary  study  of  this 
star  described  in  last  year's  annual  report. 

A  radial-velocity  curve  of  the  Bailey  type 
a  RR  Lyrae  star  TU  Ursae  Majoris  has 
been  derived  by  Preston  from  23  spectro- 
grams obtained  with  the  60-inch  and  100- 
inch  telescopes.  The  results  will  be 
published  jointly  with  photoelectric  obser- 
vations of  this  star  obtained  by  Varsavsky 
at  Mount  Wilson  and  Spinrad  in  Berkeley. 

On  June  15,  1960,  the  spectrum  of  V453 
Ophiuchi,  classified  as  either  a  cepheid  or 
an  RR  Lyrae  star  with  a  period  of  0.97  day, 
contained  the  Balmer  series  in  emission 
with  central  absorption  cores.  Over  an 
interval  of  two  weeks  first  the  red  and 
then  the  violet  emission  components  dis- 
appeared. Photoelectric  observations  ob- 
tained by  Preston  during  this  time  showed 
increases  in  brightness  of  approximately 
0.1  magnitude  per  night.  The  star  is 
probably  an  RV  Tauri  variable  with  an 
interval  between  successive  maxima  of  ap- 
proximately 33  days.  The  spectrum  is 
notable  for  the  great  weakness  of  its 
metallic  absorption  lines. 

Merrill  made  a  statistical  study  of  the 
periods  and  light  ranges  of  3200  long- 
period  variables  listed  in  the  Russian  Gen- 
eral Catalogue  of  Variable  Stars  (2d  ed., 
Moscow,  1958) .  The  maximum  frequency 
for  M-type  variables  lies  near  period  300 


days;  for  S-type  variables,  near  360  days; 
and  for  carbon  variables,  near  400  days. 
The  average  light  range  increases  with 
period  from  140  to  260  days  but  appears 
nearly  constant  for  longer  periods.  The 
average  range  of  carbon  variables  is  less 
than  that  of  M-type  variables;  that  of 
S-type  is  greater.  The  average  photo- 
graphic light  range  is  smaller  than  the 
visual  range. 

Differential  line  displacements  depend- 
ing on  excitation  potential  have  been  inter- 
compared  recently  by  Merrill  in  the 
spectra  of  o  Ceti,  x  Cygni,  and  a  Herculis. 
The  results  indicate  that  the  expanding 
shells  around  long-period  variables  are 
smaller  and  denser  than  the  huge  envelope 
around  a  Her. 

Spectrograms  of  the  peculiar  bright-line 
star  XX  Ophiuchi  taken  by  H.  W.  Bab- 
cock  in  April  1959  have  been  measured  by 
Merrill;  they  show  280  bright  lines  in  their 
normal  places.  In  addition,  there  are  more 
than  80  dark  lines  with  large  shortward 
displacements;  they  were  produced  by 
atoms,  probably  in  a  zone  far  above  the 
photosphere,  departing  from  the  star  at  a 
speed  of  354  km/sec.  In  June  1960  the 
dark  lines  were  weaker  and  their  displace- 
ments indicated  an  outward  speed  of  about 
313  km/sec. 

Studies  of  the  post-maximum  spectrum 
of  RS  Ophiuchi  have  been  continued  by 
Joy,  and  identifications  of  emission  lines 
have  been  checked.  Several  reasonably 
certain  lines  in  the  1958  spectrograms  re- 
main unidentified.  Tables  of  the  intensi- 
ties and  widths  of  the  emission  lines  at 
phases  from  23  to  89  days  after  the  out- 
burst of  1958  have  been  prepared.  The 
number  of  highly  excited  ions  represented 
by  forbidden  transitions  is  most  remark- 
able. Iron  is  found  in  seven  different  stages 
of  ionization,  and  calcium  in  six. 

Spectroscopic  observations  of  the  cluster 
variable  ST  Leonis  have  been  made  by 
Rodgers  in  conjunction  with  photoelectric 
observations  by  Sandage.  A  radial-velocity 
curve  has  been  obtained,  and  spectrophoto- 
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metric  measurements  have  been  made  to 
determine  the  variation  of  the  spectral  type 
anomaly,  as  defined  by  Preston,  as  a  func- 
tion of  phase. 

White  Dwarfs  and  Subluminous  Stars 

The  following  stars  were  found  (or  con- 
firmed) by  Greenstein  to  be  either  white 
dwarfs  or  stars  of  extremely  low  lumi- 
nosity: type  DA,  Nova  DI  Lac  (1910), 
Feige  22,  Giclas  21-16.  After  several  ex- 
posures, LDS  275  AB,  W  489,  L845-70, 
L1363-3,  and  Tonantzintla  202  were  found 
to  have  no  detectable  absorption  lines  and 
are  to  be  classed  as  DC.  W  672  A  and 
LI  126-68  were  confirmed  as  DA;  Feige 
4  =  LB433  is  either  DB  or  an  extreme  sub- 
dwarf,  sdO.  The  nucleus  of  Abell's  plane- 
tary number  31  is  of  very  low  luminosity. 
The  following  are  peculiar  hot  subdwarfs: 
HZ  38,  HZ  39,  Tonantzintla  245,  264,  299, 
788,  803,  and  Abell  36.  Greenstein  and 
Oke  have  made  several  attempts  to  ob- 
serve the  companion  of  Sirius. 

Three  nuclei  of  faint  planetary  nebulae 
show  permitted  O  VI  emission  lines, 
Abell  30,  78,  and  NGC  246.  These  stars 
must  be  extraordinarily  hot  since  the  ex- 
citation is  double  that  required  for  He  II 
or  C  IV,  normally  seen  in  planetary  nuclei. 

Rotational  Velocities 

A  program  has  been  started  by  Kraft 
on  rotational  velocities  of  giant  vs.  main- 
sequence  stars  in  the  galactic  clusters  NGC 
6633  and  the  Hyades.  It  is  not  completely 
clear  whether  angular  momentum  is  con- 
served in  the  evolution  of  stars  in  these 
clusters  of  intermediate  age. 

Magnetic  Stars 

The  A-type  star  HD  215441  has  been 
found  by  H.  W.  Babcock  to  have  a  mag- 
netic field  of  34  kilogauss,  the  strongest 
known  in  nature.  Spectrograms  obtained 
with  the  200-inch  Hale  reflector  show  reso- 
lution of  many  lines  into  the  n  and  c 
components  of  the  Zeeman  patterns,  with 
over-all  widths  of  the  order  of  1  angstrom. 


Other  sources  of  line  broadening  are  rela- 
tively insignificant.  The  mean  field  in- 
tensity obtained  from  nine  resolved  lines 
on  four  plates  is  +34,400  ±  266  gauss. 
Twenty  plates  distributed  over  an  interval 
of  a  year  all  show  a  strong  field  of  positive 
polarity  but  with  irregular  fluctuations. 
These  fluctuations,  as  well  as  observed 
variations  in  velocity  in  the  range  +3  to 
—  9  km/sec,  are  attributed  to  intrinsic 
magnetohydrodynamic  processes  within 
the  star.  The  sharpness  of  the  components 
of  the  Zeeman  patterns  shows  that  the 
field  is  remarkably  uniform,  while  the 
relative  strength  of  the  n  and  o  compo- 
nents permits  estimation  of  the  mean  angle 
between  the  field  vector  and  the  line  of 
sight — roughly  50°.  Apparently  the  star's 
field  is  essentially  dipolar,  and  the  axis 
of  the  dipole,  as  well  as  the  axis  of  rotation, 
has  at  most  only  a  moderate  obliquity  to 
the  line  of  sight. 

The  energy  density,  H2/8rr,  of  the  mag- 
netic field  at  the  surface  of  HD  215441  is 
4.6 XlO7  ergs/cm3;  therefore,  if  the  star 
is  uniformly  magnetized,  the  total  in- 
ternal magnetic  energy  is  about  1041  ergs — 
sufficient  to  maintain  the  star's  radiation 
for  a  few  weeks.  This  is  probably  a 
minimal  figure,  for  there  are  good  argu- 
ments that  the  field  in  the  deep  interior 
is  much  stronger  than  at  the  surface.  The 
influence  of  magnetic  fields  has  been 
neglected  in  current  theories  of  stellar 
structure,  but  the  strength  of  the  field  of 
HD  215441  suggests  that  this  subject  de- 
serves further  consideration. 

There  is  evidence  in  the  sharpness  of  the 
rr  profiles  that  local  turbulent  velocities 
are  insignificant  at  the  surface  of  the  star. 
This,  as  well  as  the  uniformity  of  the  field, 
can  be  attributed  to  the  dominance  of  mag- 
netic forces  in  the  outer  layers.  The  large- 
scale  velocity  fluctuations,  of  the  order  of 
±6  km/sec,  must  originate  at  a  depth  at 
least  as  great  as  that  at  which  the  local 
kinetic  energy  of  gas  motion  is  equal  to 
the  magnetic  energy  density;  this  is  esti- 
mated to  be  one-tenth  of  the  stellar  radius 
below  the  surface. 
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The  general  appearance  of  the  spectrum 
of  HD  215441  is  not  particularly  unusual 
in  comparison  with  other  AOp  stars,  except 
for  the  line  profiles  and  the  anomalous 
presence  of  Fe  III.  It  may  be  concluded 
that  a  very  strong  magnetic  field  does  not 
necessarily  result  in  an  extreme  degree  of 
spectral  peculiarity. 

Measurement  of  magnetically  unre- 
solved lines  in  the  spectrum  shows  that 
they  yield  an  effective  field  intensity  about 
one-third  as  great  as  that  of  the  true  field, 
which  is  derivable  with  unusual  precision 
from  the  resolved  Zeeman  patterns.  This 
result  was  anticipated  in  1946.  Thus  the 
effective  field  strengths  measured  for  most 
stars  can  be  multiplied  by  a  factor  of  about 
3  to  yield  the  true  field  intensity. 

Prominent  sharp  H  and  K  lines  of  Ca  II 
are  judged  to  arise  in  a  circumstellar  cloud 
around  HD  215441.  These  lines  show  a 
field  of  +600  gauss.  Because  the  field 
varies  inversely  as  the  cube  of  the  distance 
from  the  center,  it  is  calculated  that  the 
Ca  II  cloud  has  an  effective  height  of  1.2 
stellar  radii  above  the  surface.  The  Ca  II 
lines  also  show  a  mean  outward  relative 
velocity  of  5  km/sec,  suggesting  that  mass 
loss,  probably  related  to  the  strong  field, 
proceeds  at  a  significant  rate. 

The  southern  star  HD  187474  has  been 
found  by  Babcock  to  be  one  of  the  slowest 
of  the  known  magnetic  variables.  Ob- 
servations in  1957  suggested  that  it  might 
be  unique  in  having  a  constant  field;  the 
value  was  about  —1870  gauss.  Gradually, 
however,  the  field  weakened  and  reached 
zero  in  the  summer  of  1959.  By  June  1960 
the  polarity  had  reversed  and  the  field  had 
strengthened  to  over  +2000  gauss.  The 
star  is  also  an  outstanding  spectrum  vari- 
able, for  an  unusual  number  of  lines,  in- 
cluding many  of  chromium,  show  large 
intensity  changes.  The  observations  to 
date  suggest  that  HD   187474  may  be  a 


regular  magnetic  variable  with  a  period  of 
perhaps  6  years.  Its  relationship  to  the 
typical  a  variables  with  periods  of  a  few 
days  deserves  study. 

Additional  observations  have  resulted  in 
improved  elements  of  variation  for  the 
outstanding  magnetic  variable  53  Camelo- 
pardalis.  The  period  is  8.025  days,  and 
the   range  of  the   effective   field   is   from 

—  5  to  +3.5  kilogauss,  with  some  irregu- 
larities in  amplitude.  The  lines  are  sys- 
tematically sharper  early  in  the  cycle  of 
variation,  counting  from  positive  cross- 
over, when  the  field  seems  intrinsically 
weak.  Later,  the  lines  become  much 
wider,  remaining  so  at  negative  crossover, 
and  there  are  marked  variations  of  line 
intensity.  Ti  II,  for  example,  becomes 
much  stronger  when  the  field  has  negative 
polarity.  Mg  II  is  unusually  weak,  but 
shows  variations,  as  Deutsch  has  noted. 
When  the  field  is  strong,  the  line  profiles 
indicate  that  it  is  almost  purely  longi- 
tudinal. 

The  large-amplitude  magnetic  variable 
HD  32633  was  once  suspected  of  having 
a  4-day  period,  but  additional  observations 
by  Babcock  now  prove  that  the  magnetic 
variations,  though  rapid,  are  irregular. 
The    extreme    observed    range    is    from 

—  5870  to  +2220  gauss.  Other  character- 
istics are  the  occasional  appearance  of  an 
extreme  "crossover  effect."  Sometimes  this 
occurs  when  the  mean  field  is  far  from 
zero.  The  absence  of  spectral  variability 
is  attributed  to  uniformity  of  surface 
composition  resulting  from  the  irregular 
intrinsic  magnetohydrodynamic  fluctua- 
tions. 

A  possibility  that  transitory  Ca  II  emis- 
sion is  related  to  the  development  of 
magnetic  activity  in  the  classical  cepheid 
FF  Aquilae  is  being  explored  by  Babcock 
and  Kraft. 
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STELLAR  PHOTOMETRY 


Relationships  between  Photometric 
Systems 

In  order  to  obtain  magnitudes  on  the 
U,  B,  V  system  from  a  number  of  differ- 
ent observers  (necessitated  by  compilation 
of  the  supernova  observations),  transfor- 
mations between  various  magnitude  sys- 
tems were  computed  by  Arp.  A  paper  is 
now  being  published  which  gives  the 
transformation  to  the  B  magnitude  system 
of:  (1)  103a-O  +  GGl  or  WG2  (an  ap- 
proximation to  the  international  system 
introduced  after  use  of  aluminized  mirrors 
and  before  B  system).  (2)  103a  — 0  + 
schmidt  corrector  (the  Sky  Survey  System 
of  the  48-inch  schmidt  at  Palomar).  (3) 
103a  — O  with  no  filter  (extreme  case  of 
admission    of    ultraviolet    light). 

A  further  result  of  the  need  to  analyze 
the  supernova  observations  was  the  com- 
putation of  the  position  which  black 
bodies  would  occupy  in  the  U  —  B,  B  —  V 
diagram.  U,  B,  V  response  curves  are 
adopted  and  are  used  to  compute  the  color 
appearance  of  black  bodies.  The  place  of 
real  stars  in  the  U  —  B,  B—V  diagram 
and  their  effective  and  color  temperatures 
are  discussed  from  the  standpoint  of  the 
gray  body  approximation,  H~,  and  other 
sources  of  opacity,  Balmer  absorption  and 
metallic-line  blanketing. 

Cepheids 

A  concerted  effort  has  been  made  to 
calibrate  the  period-luminosity-color  rela- 
tions for  cepheid  variables  in  galactic 
clusters  to  provide  the  basis  for  inferring 
the  physical  properties  of  cepheids  in  our 
own  Galaxy.  The  investigation  of  CV 
Monocerotis  in  an  anonymous  galactic 
cluster  has  been  completed  and  published 
by  Arp.  The  photometry  of  U  Sagittarii 
in  the  galactic  cluster  M  25  was  completed 
by  Sandage.  The  results  give  <Ms>0 
=  -2.87,  <A4V>0=-3.46,  <B=V>0 
=  0.64,  and  <U-B>o  =  051  for  U  Sgr  at 
mean  light.    These  absolute  magnitudes 


agree  well  with  the  period-luminosity  rela- 
tion defined  by  EV  Scuti,  CF  Cassiopeiae, 
CV  Mon,  and  DL  Cassiopeiae  previously 
reported.  Only  the  double  cepheid  CE 
Cassiopeiae  A  and  B  remains  to  be  studied 
before  all  candidates  for  cluster  member- 
ship are  exhausted. 

A  series  of  papers  on  the  intrinsic  colors 
and  absolute  magnitudes  of  classical 
cepheids  has  been  completed  by  Kraft. 
The  observations  were  begun  at  the  Mc- 
Donald Observatory  and  concluded  here. 
A  technique  is  provided  whereby  distances 
to  field  cepheids  can  be  obtained  with  a 
precision  of  about  5  per  cent.  This  is  pre- 
sumably good  enough  for  the  discussion  of 
certain  galactic  structure  problems,  such  as 
galactic  rotation. 

By  making  use  of  the  intrinsic  colors 
and  absolute  magnitudes  of  cepheids  in 
the  galactic  clusters  studied  by  Arp,  Sand- 
age,  J.  B.  Irwin,  J.  D.  Fernie,  and  Kraft, 
a  correlation  is  set  up  between  (B—  V)° 
and  spectral  type  on  the  MK  system.  The 
spectral  types  were  assigned  either  by 
visual  inspection  of  the  G  band  on  classi- 
fication spectrograms  or  by  a  system  of 
interference-filter  photometry  of  the 
G  band  (so-called  T  photometry").  The 
strength  of  the  G  band  is  measured  at  any 
phase  of  a  field  cepheid,  the  spectral  type 
is  thereby  estimated,  and  the  intrinsic  color 
is  predicted.  Comparison  with  the  ob- 
served color  gives  immediately  E(B—V). 
Color  excesses  have  been  measured  for 
about  50  cepheids. 

The  period-color  relation  is  explored.  It 
is  suggested  that  colors  be  assigned  at 
mean  light  rather  than  at  maximum  light 
because  the  dispersion  of  the  P-mean  color 
relation  is  less  than  that  of  the  P-max 
color  relation.  For  cepheids  of  moderate 
to  large  light  amplitude  (at  a  given 
period),  E(B  —  V)  can  be  predicted  with 
a  mean  error  of  about  0.04  mag. 

The  corresponding  H-R  diagram  and 
P-L  (period-luminosity)  laws  for  galactic 
cepheids  can  be  constructed  provided  that 
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the  positions  of  the  lines  of  constant  period 
in  the  H-R  diagram  are  calibrated.  This 
is    carried    through    for    the    six   galactic 

cluster  cepheids;  Q  =  PVp,  the  pulsation 
constant,  is  found  for  each  of  them.  It 
is  necessary  to  know  the  slopes  of  the  evo- 
lutionary tracks  for  cepheids,  and  the  ef- 
fective temperatures  and  bolometric  cor- 
rections as  a  function  of  (B—V)°.  Im- 
proved scales  are  given,  based  largely  on 
Oke's  photoelectric  scans  and  model  atmos- 
pheres for  r\  Aquilae.  The  best  fit  of  Q 
to  the  galactic  cluster  cepheids  gives 

Q  =  0.0389  +  0.00146? 

Thus  Q  increases  with  P;  this  result  sug- 
gests that  the  cepheids  are  not  homologous 
to  one  another.  However,  Q  =  constant 
may  also  be  admitted  by  the  observations. 
The  analysis  of  69  cepheids  in  the  Small 
Magellanic  Cloud  (SMC)  has  been  com- 
pleted by  Arp.  One  result  of  the  analysis 
is  to  establish  a  method  whereby  indi- 
vidual values  of  reddening  can  be  ac- 
curately derived  for  cepheids  having  light 
curves  in  only  one  color.  The  method  has 
been  successfully  applied  by  Miss  Swope 
in  her  work  on  cepheids  in  the  Andromeda 
nebula.  The  remainder  of  the  analysis 
demonstrates  how  the  intrinsic  properties 
of  this  group  of  cepheids  are  explained 

by  a  combination  of  the  PVp^constant 
law  and  their  location  in  the  H-R  diagram. 
Arp  and  Kraft  have  compared  the 
cepheids  in  the  SMC  and  the  Galaxy,  with 
reference  to  these  relations:  (1)  period 
amplitude  of  light  curve,  (2)  period  color, 
(3)  period  luminosity,  and  (4)  color 
magnitude.  The  period-amplitude  rela- 
tions are  definitely  different;  for  P<8d, 
the  SMC  cepheids  have  much  larger 
amplitudes  than  the  galactic  cepheids.  At 
a  given  period,  the  SMC  cepheids  average 
about  0.10  mag  redder  than  the  galactic 
cepheids.  These  are  intrinsic  colors;  i.e., 
the  reddening  has  been  removed  in  both 
cases.  The  H-R  diagrams  therefore  differ, 
but  the  galactic  H-R  diagram  cannot  be 
constructed  free  from  ambiguity  because 


the  Q  values  are  not  known  directly  from 
observation  for  F>10d.  However,  the 
slope  of  —  2.2  for  the  P-L  law  derived 
by  Arp  for  the  SMC  cepheids  can  be  re- 
covered for  the  galactic  cepheids  only  if 
Q  increases  with  P  for  the  galactic 
cepheids. 

The  modulus  of  the  SMC  remains  in 
doubt  for  these  reasons.  At  present  the 
best  estimates  for  the  true  (i.e.,  absorp- 
tion-freed) modulus  are  18.7  if  Q  is  con- 
stant, and  18.4  if  Q  increases  with  P,  but 
it  must  be  emphasized  that  these  values 
are  quite  uncertain. 

Measurements  with  the  photoelectric 
scanner  of  the  absolute  energy  distribu- 
tions in  the  spectra  of  the  cepheids  v\ 
Aquilae  and  b  Cephei  were  completed  a 
year  ago  by  Oke.  The  analysis  of  the  data 
is  complete  for  v\  Aql  and  nearly  complete 
for  h  Cep.  A  few  more  observations  of 
T  Monocerotis  are  still  needed  at  some 
phases. 

The  scanner  observations  of  v\  Aql  were 
corrected  for  the  effects  of  low  resolution 
using  high-dispersion  spectra.  The  energy 
distributions  of  the  continua  seen  on  high- 
dispersion  spectra  were  compared  with 
model-atmosphere  fluxes  to  derive  tem- 
peratures and  effective  gravities.  It  is  now 
clear  that  no  continuum  can  be  observed 
even  on  high-dispersion  spectra  below 
A4250;  hence  no  Balmer  discontinuity  can 
be  measured,  and  the  effective  gravity  is 
not  determined.  The  red  and  infrared 
points  from  the  six-color  photometry  were 
incorporated  into  the  results.  The  effec- 
tive temperatures  range  from  6140  °K  at 
maximum  to  5320 °K  at  minimum.  It  was 
assumed  that  Kraft's  estimate  of  the  inter- 
stellar reddening,  0.14  in  B  —  V,  was  cor- 
rect. This  temperature  scale  gives  a  some- 
what higher  temperature  at  maximum 
light  (cF7)  and  a  very  much  higher 
temperature  at  minimum  light  (cG2)  than 
the  scale  given  by  Keenan  and  Morgan. 
The  effect  is  to  make  the  total  range  of 
temperature  in  v\  Aql  smaller  than  it  has 
usually  been  assumed  to  be.    Inadequate 
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interstellar  reddening  corrections  in  the 
past  are  probably  responsible  for  these 
differences.  The  model-atmosphere  fluxes 
were  used  with  the  monochromatic  light 
curves  to  compute  the  radius-displacement 
curve.  This  curve  is  in  good  agreement, 
both  in  phase  and  shape,  with  that  derived 
from  the  radial-velocity  curve.  Analysis  of 
the  six-color  observations  had  never  given 
satisfactory  agreement,  since  the  tempera- 
ture range  assumed  was  much  too  large. 
The  mean  radius  of  v\  Aql  is  (64±2)jRO, 
in  good  agreement  with  the  analysis  by 
the  Wesselink  method  using  six-color 
photometry.  The  mean  absolute  visual 
magnitude  is  —4.05  with  a  mean  error  of 
0.3.  This  is  about  0.5  mag  brighter  than  is 
predicted  by  Kraft's  results  from  cepheids 
in  galactic  clusters. 

RR  Lyrae  Stars 

The  scanner  is  being  used  by  Oke  to 
observe  a  number  of  RR  Lyrae  stars. 
Absolute  energy  distributions  have  been 
obtained  for  SU  Draconis,  a  very  metal- 
poor  star.  A  set  of  spectra  with  a  disper- 
sion of  18  A/mm  has  also  been  obtained 
at  all  phases.  The  exposures  are  short 
enough  so  that  changes  in  radial  velocity 
during  the  exposure  are  small.  The 
spectra  will  be  used  to  obtain  a  radial- 
velocity  curve  and  also  to  correct  the  scans 
for  the  effects  of  low  resolution.  Some  pre- 
liminary scanner  observations  of  X  Arietis, 
also  a  metal-poor  star,  have  been  made. 
Both  these  stars  will  be  analyzed  by  the 
method  used  for  RR  Lyr. 

A  rigorous  procedure  for  computing  the 
pulsation  constant,  Q,  from  photometric 
observations  of  intrinsic  variable  stars  has 
been  applied  by  Preston  to  the  data  for 
the  RR  Lyrae  stars  in  M  3,  using  relations 
between  color  index  and  effective  tempera- 
ture for  normal  main-sequence  stars  and 
for  unblanketed  models.  The  values  of  Q 
and  the  ratio  <Qab>/<Qc>  depend 
upon  the  effective  temperature  scale  em- 
ployed; an  increase  in  Q  values  with 
period  for  the  RR  Lyrae  stars  in  M  3  with 


the  longest  periods  is  found  to  be  insensi- 
tive to  the  choice  of  a  temperature  scale. 
The  results  suggest  the  possibility  that  the 
RR  Lyrae  stars  in  M  3  do  not  constitute  a 
homologous  family  of  variable  stars. 

Photoelectric  observations  of  the  RR 
Lyrae  stars  AR  Serpentis,  VY  Serpentis, 
and  TU  Ursae  Majoris  were  made  by 
Varsavsky.  Spectroscopic  observations 
were  made  of  the  first  two  of  these  stars 
and  of  SU  Draconis. 

Other  Individual  Stars 

A  group  of  T  Tauri  stars  in  Taurus  was 
observed  photoelectrically  by  Varsavsky. 
The  observations  appeared  to  provide  an 
explanation  of  the  "Walker  anomaly"  for 
very  young  clusters.  Two  groups  of  stars 
included  as  T  associations  in  Kholopov's 
Catalogue  were  investigated  photoelectri- 
cally, but  no  evidence  was  found  that  the 
stars  are  physically  related. 

Oke  obtained  photoelectric  scans  of  R 
Coronae  Borealis  while  it  was  near  mini- 
mum light.  They  will  be  compared  with 
scans  made  a  year  ago  at  normal  light. 
Oke  also  obtained  a  number  of  spectra 
with  a  dispersion  of  18  A/mm. 

Photoelectric  scans  are  being  obtained 
by  Oke  for  a  selection  of  stars  in  the 
Hyades  going  down  to  about  magnitude 
10.  They  will  provide  a  set  of  standard 
spectrum  scans  for  what  is  usually  taken 
to  be  a  fundamental  main  sequence. 

Oke  has  used  the  scanner  to  measure 
absolute  energy  distribution  of  a  number 
of  subdwarf  and  subgiant  stars.  The  scans 
will  provide  an  independent  method  for 
determining  temperatures,  and  in  this  way 
will  be  useful  in  chemical  abundance 
analyses.  Jugaku  and  Oke  are  making  a 
study  of  four  G-type  stars  which  fall  below 
M  67  in  the  H-R  diagram. 

In  cooperation  with  the  AAVSO,  Cragg 
has  taken  photovisual  plates  of  the  regions 
around  a  number  of  variable  stars  to  fix 
standards  for  use  in  making  visual  esti- 
mates of  the  magnitudes  of  the  variable. 
Charts  based  on  these  photographs  have 
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been  constructed  for  the  regions  surround- 
ing the  following  variables :  TU  Androm- 
edae,  V371  Ononis,  SY  Cancri,  TW 
Virginis,  Nova  Herculis  (I960),  and  V348 
Sagittarii. 

Globular  and  Galactic  Clusters 

Three-color  photoelectric  measurements 
of  24  stars  between  V—Y7  and  V  —  2\  have 
been  made  by  Sandage  in  the  globular 
cluster  M  92  preparatory  to  photometry  of 
its  main  sequence.  Similarly,  U ,  B,  V  ob- 
servations in  two  other  clusters,  M  15  and 
NGC  5053,  were  also  made,  although  the 
number  of  standards  observed  was  insuffi- 
cient to  complete  the  photometry  during 
the  report  year. 

The  program  of  photometry  of  the  vari- 
able stars  in  M  15  reported  two  years 
ago  is  nearly  complete.  One  hundred 
sixty-three  plates  have  been  taken  by  Sand- 
age  with  the  100-inch  telescope:  39  in 
ultraviolet,  61  in  blue,  and  63  in  yellow 
wavelengths.  The  purpose  is  to  obtain 
light  curves  for  65  RR  Lyrae  stars  on  the 
U ,  B,  V  photometric  system  to  compare 
with  similar  results  obtained  in  M  3.  A 
total  of  164  stars  was  measured  on  each  of 
the  163  plates.  The  stars  include  65  known 
RR  Lyrae  variables,  8  suspected  variables, 
and  91  standard  nonvariables.  The  exten- 
sive measuring  and  reduction  program  has 
been  completed  by  Mary  Sandage, 
Brueckel,  and  Katem.  The  results  show, 
so  far,  that  M  15  has  the  largest  h(U  —  B) 
excess  obtained  for  any  cluster  yet  ob- 
served. This  is  consistent  with  the  obser- 
vations of  Rodgers  and  Deutsch,  which 
show  that  M  15  has  the  weakest  Fraun- 
hofer  lines  of  the  well  observed  globular 
clusters. 

Arp  has  shown  that  the  careful  evalua- 
tion of  a  number  of  recent  photometric 
and  spectroscopic  results  on  globular 
clusters  by  investigators  at  Mount  Wilson 
and  Palomar  suggests  that  there  is  an 
exact  correlation  between  the  ultraviolet 
excess  of  giants  at  B—  V— 1.0  mag  and  the 
metal  abundance  of  the  cluster.    Arp  is 


extending  these  measures  of  ultraviolet 
excess  to  a  larger  variety  of  star  clusters 
and  thereby  attempting  to  sample  the 
chemical  composition  of  stars  in  various 
parts  of  the  galaxy.  Particular  attention 
is  being  given  to  star  clusters  situated  near 
the  nucleus  (NGC  6356,  for  example). 

The  other  parameter  besides  chemical 
composition,  namely,  age — which  now  ap- 
pears to  characterize  the  H-R  diagrams 
of  all  star  clusters — is  harder  to  investigate. 
For  this  purpose,  the  unblanketed  position 
of  the  unevolved  main  sequence  is  being 
measured  in  NGC  6838  by  Arp  and  in 
M  92  and  M  15  by  Sandage.  By  judicious 
sampling  of  critical  cases  it  is  hoped 
eventually  to  be  able  to  discriminate  be- 
tween effects  of  age  and  chemical  compo- 
sition in  the  color-magnitude  diagram  of 
any  star  cluster  that  can  be  observed. 

The  photometry  of  NGC  188,  reported 
in  1957-1958,  has  been  completed  by  Sand- 
age. This  cluster  is  the  oldest  galactic 
cluster  yet  found.  The  turn-off  point  from 
the  main  sequence  occurs  at  Mf=+4.2, 
which  is  0.8  mag  fainter  than  the  turn-off 
point  for  M  67.  If  Hazelgrove  and  Hoyle's 
models  are  correct,  the  age  of  stars  in 
NGC  188  is  about  25X109  years.  If  the 
Hubble  parameter  is  //~1  =  13Xl09  years, 
and  if  the  deceleration  parameter  for  the 
expanding  universe  is  g0=+l,  then  the 
time  since  the  beginning  of  the  expansion 
of  the  universe  is  0.571£T1  =  7.4X  109 
years  on  the  exploding  cosmological 
models.  These  numbers  are  in  contradic- 
tion, because  no  object  in  the  universe 
can  be  older  than  the  universe  itself. 
Either  (1)  the  traditional  exploding 
models  of  the  universe  are  incorrect,  (2) 
the  value  of  the  Hubble  parameter  is  in- 
correct, (3)  the  ages  from  the  most  recent 
stellar  models  are  incorrect,  or  (4)  the 
observations  of  NGC  188  are  incorrect. 
This  last  point  is  the  easiest  to  check,  and 
that  check  has  been  made  of  45  stars  in 
NGC  188  which  overlapped  the  observa- 
tions made  in  1957.  The  agreement  was 
satisfactory.    The   photometry   appears  to 
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be  correct.  No  ultraviolet  excess  has  been 
observed  for  main-sequence  stars  in  NGC 
188.  Thus,  despite  its  age,  the  abundance 
of  heavy  elements  in  the  atmosphere  of 
these  stars  appears  to  be  the  same  as  for  the 
sun  or  the  Hyades. 

The  galactic  cluster  NGC  2420  was 
pointed  out  by  van  den  Bergh  to  be  pos- 
sibly a  very  old  cluster,  such  as  NGC  188 
(studied  by  Sandage),  or  old  stars  in  the 
neighborhood  of  the  sun  (studied  by 
Wilson).  Thirty-five  stars  in  three  colors 
have  been  measured  by  Arp  in  this  cluster; 
when  reduced,  the  data  will  give  at  least 
an  approximate  age  for  the  cluster. 

Wildey  has  observed  about  100  stars 
photoelectrical^  in  h  and  x  Persei.  Photo- 
graphic interpolation  will  provide  data 
on  the  main-sequence  stars.  Sufficient  ob- 
servations will  be  obtained  to  permit  study 
of  and  correction  for  the  interstellar  red- 
dening across  the  cluster. 

In  September  1959  a  program  of  spec- 
trophotometry in  the  integrated  light  of 
globular  clusters  was  commenced  by 
Rodgers.  Its  aim  is  to  study  the  detailed 
effects  of  varying  metal  abundance,  both 
the  direct  effect  on  the  component  stellar 
spectra  of  the  clusters  and  the  indirect 
effect  on  the  relative  number  and  posi- 
tion of  stars  in  the  color  luminosity  array 
of  each  cluster.  The  observations  are  of 
two  kinds:  spectra  with  85  A/mm  disper- 
sion have  been  obtained  of  twelve  clusters 
of  disk  and  halo  type;  and  measurements 
of  the  equivalent  widths  of  the  strong 
features,  including  the  Balmer  lines,  lines 
of  Ca  I  and  Ca  II,  and  G  band,  have  been 
made.  Considerable  care  was  taken  to 
make  the  spectra  representative  of  the  in- 
tegrated light  of  the  cluster  by  trailing  the 
in-focus  cluster  images  across  the  slit. 
Similar  measures  were  made  on  a  series 
of  MK  spectral  standards  of  types  F0  III 


to  K5  III.  Each  cluster  can  be  classified 
on  the  basis  of  the  absolute  strength  of 
the  measured  features.  In  addition,  a  group 
of  twelve  high-velocity  stars  of  types 
F8  III  to  K0  III,  selected  as  having  ultra- 
violet excesses  exceeding  0.10  mag,  have 
been  reclassified  in  the  same  manner.  Ob- 
servations of  twenty  clusters  have  been 
made  with  the  Cassegrain  photoelectric 
scanner  on  the  100-inch  and  60-inch  tele- 
scopes. The  scans  cover  the  wavelength 
interval  from  A3500  to  A6000  with  a  resolu- 
tion of  20  A.  The  reductions  of  the  scans 
are  made  by  integrating  graphically  over 
100  A  bands  and  are  presented  in  absolute 
intensity  units  by  comparison  with  obser- 
vations of  a  Lyrae.  Standards  of  spectral 
type  and  luminosity  are  observed  in  a 
similar  manner.  Reduction  of  this  ma- 
terial is  at  present  in  progress. 

Near-by  Galaxies 

Three-color  photoelectric  observations  of 
22  stars  in  IC  1613  ranging  from  F=14 
to  I7  =  20.8  have  been  made  by  Sandage 
preparatory  to  a  photometric  study  of  the 
known  cepheid  variables  and  for  a  color- 
magnitude  diagram.  The  standards  are 
meant  to  supplement  Baade's  extensive 
work  in  this  dwarf  member  of  the  local 
group  by  extending  the  photometry  to  the 
U  and  V  wavelengths. 

U,  B,  V  photoelectric  observations  of 
eight  very  faint  stars  to  be  used  as  stand- 
ards in  M  33  were  finished  to  complete 
the  more  extensive  sequence  in  this  galaxy 
previously  determined  by  Dr.  Harold  L. 
Johnson  of  the  University  of  Texas. 

Nine  faint  U ,  B,  V  photoelectric  stand- 
ards have  been  determined  by  Sandage  in 
M  101  near  the  bright  spiral  arm  south  fol- 
lowing the  nucleus.  These  will  serve  to 
calibrate  the  fainter  supernova  found  in 
this  arm  in  1950. 


GASEOUS  NEBULAE  AND  INTERSTELLAR  GAS 

The  planetary  nebula  NGC  246  provides  central  star  has  a  faint  companion  at  a 
a  rare  opportunity  to  determine  the  dis-  distance  of  4",  and  the  proper  motions  are 
tance    of   an    individual   planetary.    The      so  large   and  nearly  equal  that  there  is 
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little  doubt  that  the  stars  form  a  physical 
pair.  The  spectrograms  of  the  companion 
obtained  by  Minkowski  at  a  dispersion  of 
85  A/mm  with  the  prime-focus  spectro- 
graph at  Palomar  show  its  spectral  type, 
closely  similar  to  that  of  t  Ceti,  as  G8  V  — 
KO  V,  with  the  most  probable  value  of  the 
visual  absolute  magnitude  near  +  6™0.  The 
radial  velocity  of  the  companion  is 
—  33 ±13  km/sec;  it  agrees  satisfactorily 
with  the  radial  velocity  of  —39  ±7  km/sec 
found  for  the  nebula.  The  only  absorption 
features  in  the  spectrum  of  the  central  star 
are  C  IV  at  A4442  and  a  blend  of  C  III  at 
A4650;  faint  emission  of  O  VI  at  AA3811/ 
3834  is  present.  Poor  quality  of  the  lines 
prohibits  accurate  measures,  but  the  ve- 
locity from  the  absorptions  is  smaller  than 
that  of  the  nebula  and  the  companion, 
thus  indicating  a  continuing  outward  flow 
of  gas  from  the  star. 

The  nucleus  and  its  companion  are 
much  too  close  together  and  the  com- 
panion is  much  too  faint  for  them  to  be 
measured  separately  by  the  conventional 
techniques  of  photoelectric  photometry. 
Using  the  prime-focus  photometer  at 
Palomar,  however,  Baum  made  several 
slow  scans  in  each  of  three  colors  across 
the  pair  of  images  during  exceptionally 
good  seeing.  Each  of  the  tracings  thus 
obtained  consists  of  a  large  hump  repre- 
senting the  bright  planetary  nucleus,  with 
a  small  distortion  of  one  wing  due  to  the 
presence  of  the  companion.  From  this 
asymmetry,  the  magnitude  and  color  of 
the  companion  were  found  to  be  V  — 14.28, 
B— 17= +0.70.  For  the  nucleus  itself, 
Baum  obtained  7=11.88,  B-V=-QA3, 
U— B—  — 1.37.  The  color  of  the  com- 
panion agrees  satisfactorily  with  the 
spectral  type;  for  a  high-velocity  object, 
such  as  a  planetary  nebula,  Mv  in  the 
neighborhood  of  6.3  corresponds  to  a 
color  index  #-F=0.70. 

For  the  central  star,  My  falls  between  3.6 
and  3.9.  The  implied  distance  is  between 
380  and  460  parsecs. 

The  study  of  the  diffuse  features  of  the 
continuous  component  of  the  Crab  Nebula, 


initiated  by  Baade,  is  being  continued  by 
Munch  with  the  same  technique  and  filter- 
polaroid  combination  as  previously  used. 
Although  appreciable  changes  appear  over 
periods  of  a  few  months,  it  is  hoped  that 
by  following  them  over  many  years  infor- 
mation may  be  obtained  about  the  nature 
of  the  hydromagnetic  phenomena  giving 
origin  to  the  changes. 

The  spectra  of  a  number  of  stars  im- 
bedded in  emission  nebulae  are  being 
taken  by  Munch  to  detect  and  study  the 
He  I  A3889  line  formed  in  absorption 
through  the  H  II  regions.  This  line  has 
previously  been  observed  in  detail  only  in 
the  Orion  nebula  by  Wilson  and  W.  S. 
Adams.  The  plates  will  also  be  used  to 
study  the  state  of  motion  in  outlying  H  I 
regions  through  the  structure  of  the  inter- 
stellar H  and  K  lines. 

The  spectra  of  a  number  of  stars  im- 
bedded in  reflection  nebulae  have  been  ob- 
tained by  Munch  for  the  purpose  of  study- 
ing the  behavior  of  the  molecular  inter- 
stellar lines.  In  the  Scorpius-Ophiuchus 
region  it  has  been  found  that  the  strength 
of  the  molecular  lines  is  definitely  cor- 
related to  the  presence  of  diffuse  scatter- 
ing material  in  the  close  neighborhood  of 
the  star. 

A  number  of  problems  related  to  the 
physical  conditions  prevailing  in  the  inter- 
stellar clouds  that  may  be  present  at  large 
distances  from  the  galactic  plane  have  been 
investigated  by  Munch  in  collaboration 
with  Harold  Zirin  of  the  University  of 
Colorado. 

As  was  reported  earlier,  Bowen  has 
made  extensive  spectroscopic  observa- 
tions of  the  brightest  gaseous  nebulae  at 
medium  or  high  dispersion  in  order  to  ob- 
tain improved  wavelengths  of  the  for- 
bidden lines.  During  the  present  year  these 
measurements  were  combined  with  the 
best  laboratory  analyses  of  the  spectra  of 
the  ions  of  the  elements  lighter  than  cop- 
per to  make  a  critical  study  of  the  relative 
positions  of  the  levels  of  the  ground  con- 
figurations of  these  ions.  The  progressions 
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of  the  separations  of  these  levels  along 
isoelectronic  sequences  showed  that  a  few 
of  the  early  spectrum  analyses  were  either 
partly  or  wholly  incorrect.  Several  of  these 
progressions  could  also  be  used  for  the 
prediction  of  improved  values  of  the  wave- 


lengths of  forbidden  lines.  On  the  basis 
of  these  studies,  tables  of  the  best  current 
values  of  the  wavelengths  of  the  forbidden 
lines  of  the  first  five  or  six  stages  of  ioniza- 
tion of  the  atoms  of  the  first  three  rows  of 
the  periodic  table  were  constructed. 


GALAXIES 


Rotation 


An  investigation  of  the  constants  of  dif- 
ferential galactic  rotation  was  started  by 
Schmidt.  Several  lines  of  evidence  led  him 
to  believe  that  the  constant  B  is  about 
— 10  to  — 12  km/sec  kpc — rather  different 
from  the  values  of  —7  km/sec  kpc  which 
followed  from  the  proper  motions  directly. 
A  new  model  of  the  distribution  of  mass 
in  the  Galaxy  is  being  constructed. 

The  study  recently  published  by  Munch, 
in  collaboration  with  Luis  Munch,  on  the 
rotation  of  the  inner  parts  of  the  galactic 
system  is  now  being  extended.  They  have 
discovered  new  cB  stars  down  to  apparent 
magnitude  12.0  in  regions  where,  earlier, 
relatively  small  interstellar  extinction  had 
been  found  at  large  distances.  It  is  planned 
to  obtain  photometric  and  radial-velocity 
observations  for  these  stars,  to  verify  the 
preliminary  results. 

The  observational  material  for  the  de- 
termination of  the  rotation  curve  of  M  81 
was  completed  by  Munch  during  the  last 
season  and  is  now  being  prepared  for 
publication.  A  number  of  emission  regions 
near  the  apparent  minor  axis  have  been 
observed  for  the  purpose  of  detecting  non- 
circular  motions.  The  material  shows  that 
no  radial  motion  exists  larger  than  the 
5  km/sec  limit  set  by  the  accuracy  of  the 
measures. 

After  the  discovery  of  the  presence  of 
strong  emission  of  [O  II]  A3726  and  A3729 
in  the  nuclear  region  of  M  31,  similar 
emission  was  sought  unsuccessfully  in 
other  Sb  galaxies.  The  observations  in 
M  31  itself  have  been  extended  and  will 
be  continued  so  as  to  cover  the  maximum 
area  possible  in  the  plane  of  the  galaxy, 


probably  out  to  4  minutes  from  the  nucleus 
along  the  major  axis. 

Spectra 

A  program  has  been  undertaken  by  Oke 
to  measure  absolute  energy  distributions 
of  external  galaxies.  Measurements  are 
made  from  A3400  to  A8000.  In  most  cases 
a  band  pass  of  50  angstroms  is  used. 
Energy  distributions  have  already  been  ob- 
tained between  A3400  and  A6000  for  NGC 
4486  (M  87),  4494,  5194  (M  51),  M  31, 
and  M  32.  In  the  immediate  future  the 
emphasis  will  be  on  giant  elliptical  sys- 
tems. The  main  purposes  are  (1)  to  ob- 
tain data  for  making  the  necessary  K  cor- 
rections for  distant  galaxies,  (2)  to  study 
the  degree  of  uniformity  of  the  spectral 
energy  distributions  in  various  galaxies, 
and  (3)  to  compare  galaxies  and  globular 
clusters.  The  globular  clusters  are  being 
observed   and   analyzed   by  Rodgers. 

Deutsch  has  started  a  program  to  meas- 
ure the  strength  of  the  TiO  bands  in  the 
spectra  of  a  number  of  galaxies.  Experi- 
ments with  a  variety  of  emulsions  and 
dispersions  indicate  that  the  bands  can  be 
best  detected  in  the  region  between  A5800 
and  Ha.  At  340  A/mm,  spectra  one-third 
of  a  millimeter  wide  on  a  Ila-F  emulsion 
clearly  show  the  bands  in  M  32,  and  very 
marginally  show  them,  if  at  all,  in  M  31. 
At  680  A/mm,  the  bands  are  not  certainly 
seen  in  either  object.  Experiments  have 
also  been  made  with  a  red-sensitive  photo- 
electric cell  in  the  focal  plane  of  a  scanning 
spectrograph  originally  designed  by  Code 
and  recently  improved  by  Oke.  Prelimi- 
nary indications  are  that  the  bands  are 
systematically  strong  in  giant  elliptical 
galaxies.  These  results  are  consistent  with 
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Baum's  suggestion  that  the  giant  ellipticals 
have  populations  that  are  essentially  "old 
Population  I,"  that  is,  like  M  67,  with  an 
appropriate  admixture  of  M-type  giants. 
These  M  stars  are  likely  to  be  similar  to 
the  high-luminosity  objects  found  at 
Warner  and  Swasey  Observatory  to  be 
very  numerous  in  the  nuclear  bulge  of 
our  Galaxy.  If  the  program  is  successful, 
it  will  provide  a  means  of  isolating  un- 
ambiguously one  important  contributor  to 
the  highly  composite  spectra  of  galaxies. 
Moreover,  if  the  M  giants  that  appear  to 
be  numerous  in  giant  ellipticals  are  effi- 
cient mass  ejectors,  like  their  prototype  in 
the  solar  neighborhood,  there  may  be  some 
reason  to  link  them  with  the  high  intensity 
of  nonthermal  radio  noise  which  appears 
to  characterize  galaxies  of  this  kind. 

Considerations  involving  the  rate  of  star 
formation  in  the  past  and  the  formation 
of  elements  have  led  to  the  suggestion 
that  the  composition  of  the  interstellar  gas 
may  vary  with  position  in  a  galaxy. 
Schmidt  has  started  observations  of  H  II 
regions  in  M  33  and  M  31  with  the  aim  of 
determining  helium  abundances  at  various 
distances  from  the  center. 

Velocities  of  Galaxies 

Spectroscopic  observations  of  galaxies 
have  failed  until  now  to  reach  redshifts 
larger  than  0.2,  because  the  spectrum  of 
the  night  sky  veils  the  absorption  features 
in  the  spectra  of  galaxies  fainter  than  about 
wv=18.  Emission  lines  must  remain  visi- 
ble for  much  fainter  galaxies,  however, 
and  the  detection  of  galaxies  with  strong 
emission  lines  would  therefore  permit 
spectroscopic  observations  of  very  large 
redshifts.  Such  observations  also  require 
the  discovery  of  clusters  of  galaxies  beyond 
the  limit  of  the  48-inch  schmidt  telescope. 

It  became  clear  that  the  investigation 
of  radio  sources  offered  a  promising  way 
of  finding  a  galaxy  with  strong  emission 
lines  in  a  distant  cluster  of  galaxies  when, 
in  1952,  the  Cygnus  A  source  was  identi- 
fied by  Baade  and  Minkowski  with  a  pair 


of  colliding  galaxies,  showing  strong  emis- 
sion lines,  in  a  rich  cluster  of  galaxies. 
Objects  of  this  type  should  occur  mainly 
in  clusters  where  collisions  are  most  prob- 
able, and  sources  of  the  intrinsic  strength 
of  Cygnus  A  are  observable  at  distances 
even  beyond  the  reach  of  the  200-inch 
telescope. 

The  investigation  of  the  radio  source 
3C295  has  now  led  to  the  expected  result. 
The  flux  density  of  this  source,  one- 
seventieth  that  of  Cygnus  A,  and  its  size 
of  less  than  12",  less  than  one-tenth  that 
of  Cygnus  A,  suggested  that  this  source  is 
a  very  distant  analogue  to  Cygnus  A. 
Earlier  attempts  to  identify  the  source  with 
the  aid  of  radio  positions  of  moderate 
accuracy  had  failed,  but  a  renewed  in- 
vestigation by  Minkowski,  with  the  aid 
of  the  precise  positions  by  B.  Elsmore, 
M.  Ryle,  and  P.  R.  R.  Leslie,  and  by  John 
Bolton,  showed  the  presence  of  a  very 
distant  cluster  of  galaxies  surrounding  the 
position  of  the  source.  A  red  plate  (East- 
man 103a-E  emulsion,  Chance  OR-1  filter) 
taken  with  the  200-inch  telescope  shows 
about  60  galaxies  in  the  range  from 
mv  —  2\  to  the  limit  in  a  radius  of  about 
15'  centered  at  a  =  14b09^6,  8=+52°27' 
(1950). 

Two  spectrograms  of  the  two  brightest 
galaxies  near  the  center  of  the  cluster  were 
obtained  by  Minkowski  with  the  nebular 
spectrograph  at  the  prime  focus  of  the 
200-inch  telescope,  one  with  an  exposure 
of  4.5  hours  with  good  seeing,  the  other 
with  an  exposure  of  9  hours  with  mediocre 
seeing,  using  a  dispersion  of  700  A/mm 
and  the  Eastman  103a-D  emulsion.  The 
brighter  of  the  two  galaxies,  rav=18.9, 
stands  out  by  its  brightness  and  was  there- 
fore suspected  to  be  a  foreground  object. 
Its  spectrum  shows  no  emission  lines.  The 
continuous  spectrum  is  veiled  by  the 
night-sky  spectrum,  but  some  absorption 
lines  can  be  recognized.  The  most  likely 
interpretation  leads  to  a  redshift  of  0.2447. 
The  fainter  of  the  two  galaxies,  tnv  —  2^5, 
may  belong  to  the  cluster  as  its  brightest 
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member.  Its  spectrum  shows  faint  traces 
of  the  continuous  spectrum  and  a  strong 
emission  line  at  A5447.8.  By  analogy  with 
the  spectrum  of  Cygnus  A,  the  line  can 
be  identified  with  [O  II]  A3726  and  A3729. 
The  redshift  therefore  is  AA/A  =  0.4614  ± 
0.0002. 

There  can  be  little  doubt  that  the  radio 
source  is  to  be  identified  with  this  galaxy. 
The  question  may  be  raised,  however, 
whether  the  galaxy  is  really  the  brightest 
member  of  the  cluster  or  whether  it  is  a 
foreground  object  and  the  cluster  is  even 
more  distant.  Actually,  the  brightness  of 
the  galaxy  does  not  contradict  its  member- 
ship, since  many  clusters  contain  a  galaxy 
of  outstanding  brightness.  Moreover,  if 
the  analogy  to  Cygnus  A  is  complete,  the 
galaxy  should  be  double  and,  therefore, 
relatively  bright.  Preliminary  comparisons 
of  the  color  with  the  colors  of  other  cluster 
galaxies  suggest  the  possibility  of  an 
anomalous  color  that  might  indicate  the 
presence  of  a  substantial  contribution  of 
synchrotron  radiation  to  the  optical  emis- 
sion; in  this  case,  the  brightness  of  the 
galaxy  could  not  be  compared  directly 
with  that  of  normal  galaxies. 

A  second  set  of  observations  of  this 
cluster  of  galaxies  was  made  by  Baum 
using  photoelectric  techniques  he  has  been 
developing  since  1955.  In  Baum's  program 
elliptical  galaxies  belonging  to  a  number 
of  clusters  have  been  measured  photo- 
electrically  in  several  colors  having  effec- 
tive wavelengths  ranging  from  A3720  in 
the  ultraviolet  to  about  1  micron  in  the 
infrared.  After  suitable  reductions,  the 
data  thus  obtained  are  converted  to  terms 
of  energy  per  unit  wavelength,  so  that 
each  galaxy  is  finally  represented  by  a 
curve  showing  its  general  distribution  of 
energy  through  the  spectrum.  The  curve 
is  a  smooth  one  which  does  not  include 
individual  absorption  lines. 

When  the  spectral-energy  curve  for  a 
distant  redshifted  galaxy  is  compared  with 
that  for  a  near-by  unshifted  galaxy,  the 
two  curves  are  seen  to  be  similar  in  shape 


but  are  displaced  both  in  wavelength  and 
in  the  total  amount  of  energy  received. 
These  displacements  provide,  respectively, 
the  redshift  and  the  relative  bolometric 
magnitude. 

The  virtue  of  this  photoelectric  pro- 
cedure is  that  galaxies  can  be  reached 
routinely  at  a  much  greater  distance  than 
that  at  which  they  can  be  observed  with 
a  spectrograph,  except  for  the  rare  galaxies 
emitting  strong  emission  lines.  This  means 
that  the  redshift-distance  relation,  or,  more 
exactly,  the  redshift-magnitude  relation, 
can  be  extended  to  a  distance  where  vari- 
ous cosmological  models  can  be  reasonably 
distinguished  from  one  another.  More- 
over, the  bolometric  magnitudes  are  more 
accurate  than  earlier  values,  and  the  photo- 
electric redshifts,  although  less  precise  than 
spectrographic  values,  are  adequate.  It  is, 
in  fact,  the  magnitude  rather  than  the 
redshift  that  still  sets  the  limit  of  certainty 
in  detecting  any  curvature  in  the  redshift- 
magnitude  relation. 

Preliminary  results  obtained  from  time 
to  time  under  this  program  have  been 
mentioned  in  annual  reports  dating  back 
to  1955-1956.  Values  such  as  those  for 
CL  1448  and  CL  0024  were  based  on  rela- 
tively rough  preliminary  calibrations  of 
the  energy  scale,  and  the  improved  calibra- 
tion now  in  hand  indicates  that  Baum's 
final  redshifts  (AA/A)  will  be  a  few 
hundredths  smaller  than  the  first  esti- 
mates. 

In  his  observations  of  the  cluster  of 
galaxies  containing  the  radio  source  3C295, 
Baum  purposely  avoided  the  two  brightest 
objects  observed  by  Minkowski.  Two 
fainter  galaxies  typical  of  the  body  of  the 
cluster  were  measured  photoelectrically  in 
six  colors  ranging  in  effective  wavelength 
from  A5100  to  A8520.  The  mean  spectral- 
energy  curve  for  the  two  galaxies  yielded 
a  redshift  of  0.46  ±0.04.  Observations  ob- 
tained subsequently  may  alter  this  value 
slightly,  but  the  agreement  with  Min- 
kowski's spectrographic  value  for  the 
bright  emission  object  is  good.   This  not 
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only  removes  any  doubt  that  the  emission 
object  is  a  member  of  the  cluster,  but  it 
also  confirms  the  identification  of  the 
single  emission  line  observed  by  Minkow- 
ski as  A3727. 

Most  important  of  all,  the  agreement  of 
the  spectrographic  redshift  with  the  photo- 
electric redshift  adds  certainty  to  the  whole 
photoelectric  program.  Although  good 
reasons  can  be  put  forward  for  believing 
that  the  photoelectric  redshifts  are  rela- 
tively free  of  any  significant  errors  due  to 
evolution  and  obscuration,  the  present  con- 
firmation is  welcome. 

The  photoelectric  program  for  the  meas- 
urement of  magnitudes  and  redshifts  is  a 
continuing  one,  but  the  first  phase  was  ob- 
servationally  completed  during  the  cur- 
rent report  year.  The  second  phase  of  this 
program  will  be  undertaken  by  Baum  with 
radically  different  instrumentation,  now 
in  the  design  stage. 

In  a  general  way,  the  relationship  be- 
tween the  bolometric  magnitude  and  the 
logarithm  of  the  redshift  observed  on  this 
program  continues  to  approximate  a 
straight  line  more  closely  than  the  earlier 
photographic  material  did.  The  choice  of 
the  most  probable  cosmological  model  is 
being  deferred  until  the  assessment  of  the 
data  is  complete. 

Supernovae 

The  search  for  supernovae  in  distant 
galaxies  has  continued  with  the  48-inch 
and  18-inch  schmidt  telescopes  on  Palo- 
mar.  Also  cooperating  in  the  search  are 
the  Steward  Observatory  in  Tucson,  Ari- 
zona, and  the  Berne  Observatory  in 
Switzerland.  The  project,  which  is  under 
the  general  direction  of  Zwicky,  is  partly 
financed  by  the  National  Science  Founda- 
tion and,  for  the  group  in  Berne,  by 
the  Swiss  National  Science  Fund. 

Observations  with  the  18-inch  schmidt 
were  considerably  curtailed  during  this 
report  year  as  the  telescope  was  out  of 
commission  for  about  eight  months  for  a 
general  overhaul  and  partial  revision  of 


the  optical  system.  No  supernovae  were 
found  at  the  18-inch  during  the  four 
months  it  has  been  back  in  operation. 

At  the  48-inch  some  4000  galaxies  in 
64  fields  were  kept  under  observation. 
Each  field  was  observed  at  least  once  each 
month  for  two  or  three  months  for  fields 
at  low  southern  declinations,  and  for  five 
or  more  months  for  fields  at  favorable 
declinations. 

Eleven  supernovae  have  been  found 
with  the  48-inch.  These,  with  5  previously 
found,  total  16  supernovae  discovered 
since  observations  were  started  at  the  48- 
inch  in  September  of  1957.  The  1959-1960 
discoveries  are  shown  in  table  3. 

Data  for  the  construction  of  light  curves 
in  three  or  four  color  ranges  for  several  of 
the  brightest  of  these  supernovae  were 
obtained  both  by  photography  and  by 
photoelectric  recordings  by  the  search 
teams  themselves,  and  with  the  large  re- 
flectors by  Arp,  Baum,  Minkowski,  Oke, 
Sandage,  and  Zwicky.  The  bright  type  II 
supernova  found  last  year  by  Humason  in 
NGC  7331  has  been  completely  analyzed 
by  Arp,  and  the  results  are  in  the  process 
of  being  published.  Because  of  the  co- 
operation of  12  different  observers,  a  total 
of  80  observations  covering  a  span  of  about 
100  days  was  obtained.  This  furnishes  one 
of  the  best  observed  type  II  supernova 
light  curves  from  maximum  at  apparent 
magnitude  5  =  13.8  mag  to  5=19.1  mag. 
Analysis  of  the  three-color  photoelectric 
observations  gives  an  approximate  value  of 
the  reddening  and  indicates  for  the  first 
time  a  temperature  estimate  for  a  super- 
nova at  maximum.  That  temperature  is 
indicated  to  be  about  25,000  °K  at  maxi- 
mum, and  the  bolometric  luminosity  of 
the  supernova  at  maximum  comes  out  as 
Mboi=21.3  mag.  The  modulus  of  the 
nebula  is  deduced  from  its  redshift.  Ob- 
servations have  been  collected  and  photo- 
metric scales  set  up  by  Arp  around  the 
supernova  in  the  anon  SBc  galaxy  dis- 
covered by  Humason  and  listed  as  no.  3 
in  last  year's  report. 


24 


CARNEGIE  INSTITUTION  OF  WASHINGTON 


The  spectra  of  a  few  of  the  brightest  of 
the  supernovae  discovered  were  observed 
by  Greenstein,  Munch,  Minkowski,  and 
Zwicky.  Stars  of  known  energy  distribu- 
tion were  observed,  to  calibrate  the  energy 
in  various  bands.  Detailed  studies  of  the 
spectra  of  the  supernova  in  NGC  7331 
were  made  by  Greenstein.  The  spectrum 
of  this  supernova,  previously  reported  as 
nearly  continuous,  developed  rapidly  into 
that  of  a  type  II  object  with  strong,  broad 
emission  lines  and  violet-displaced  ab- 
sorption. The  lines  of  H,  He  I,  He  II,  and 
C  IV  were  very   strong   in  later  phases. 


a  history  of  the  development  of  the  major 
features  with  time. 

The  spectra  and  velocities  of  recession 
of  most  of  the  galaxies  in  which  the  super- 
novae  appeared  were  obtained  by  Zwicky 
with  the  prime-focus  spectrograph  of  the 
200-inch  telescope.  The  results,  which  have 
not  yet  been  published  elsewhere,  are 
shown  in  table  4. 

Galaxy  1  was  first  thought  to  be  a  mem- 
ber of  the  Virgo  cluster.  The  velocity 
F  =  2994  km/sec  indicates,  however,  that 
it  is  possibly  more  distant  than  the  Virgo 
cluster. 


TABLE  3.  Supernovae  Found  in  1959-1960 


Galaxy 

Type 

1950 

First 
Observed 

™ps 

Position 
from  Nucleus 

Found  by 

R.A. 

Decl. 

Anon 

SBc 

2h47I?2 

-0°43' 

12/26/59 

18.5 

30"  E    20"N 

Humason 

Anon 

Sa 

12    4.6 

+  17  16 

2/20/60 

17.0 

7  W    13  N 

Humason 

Anon 

Sa 

12  32.2 

+9  10 

2/20/60 

16.0 

3   E      3  S 

Kearns 

NGC  4321 

Sc 

12  20.4 

+  16    6 

2/21/60 

18.0 

75   E    20  S 

Humason 

Anon 

SBc 

8  17.4 

+21     2 

3/20/60 

16.0 

12   E    30  S 

Humason 

NGC  4496 

SBc 

12  29.1 

+4  12 

4/17/60 

12.0 

37   E    33  N 

Humason 

Anon 

Sc 

11  29.3 

+  18  40 

4/19/60 

17.5 

17   E    17  S 

Humason 

NGC  4096 

Sc 

12    3.5 

+47  45 

6/18/60 

14.5 

67   E  114  S 

Wild  and  Humason  * 

Anon 

SBb 

12  24.4 

+48  34 

6/18/60 

19.0 

5   E    11   S 

Humason 

NGC  4375 

Sc 

12  22.2 

+28  50 

6/18/60 

18.5 

37   E    17  N 

Humason 

Anon 

SBc 

22  37.7 

+34    8 

6/18/60 

19.0 

13  W     8  S 

Humason 

*  An  earlier  discovery  of  the  supernova  in  NGC  4096  was  made  at  the  Berne  Observatory 
by  Paul  Wild,   who  observed  the  supernova   on  the  night  of  June   16,  1960,  two  days  before  it 


was  independently  found  at  Palomar. 

The  decrement  in  the  H  and  He  I  series 
was  extremely  steep,  indicating  a  low  ex- 
citation temperature,  consistent  with  the 
expansion  of  a  massive  and  opaque  shell. 
About  60  or  70  days  after  maximum  the 
energy  was  dominantly  in  the  emission 
lines,  and  the  star  became  very  red  because 
of  the  strength  of  Hot  and  A5876  of  He  I; 
presumably  the  shell  was  no  longer 
opaque. 

The  supernova  in  NGC  4496  was  found 
by  Greenstein  to  be  of  type  I,  with  a 
spectrum  that  has  been  followed,  so  far, 
for  about  60  days.  That  in  NGC  4096,  ob- 
served at  the  end  of  June  1960,  was  a  type 
I  object  in  an  early  phase.  Spectrophoto- 
metrically  calibrated  profiles  will  provide 


The  spectrum  of  a  new  star  in  NGC 
4321  was  obtained  by  Zwicky.  Because  of 
the  faintness  of  this  star  (rap~  +  17),  it 
was  at  first  thought  to  be  a  bright  common 
nova,  but  the  spectrum  proved  to  be  that  of 
a  supernova  of  type  I  at  a  late  stage.  The 
galaxy  of  NGC  4321  has  thus  joined  NGC 

TABLE  4.  Velocities  of  Recession  of  Some 
Galaxies  in  Which  Supernovae  Appeared  in 
1959-1960 


1950 


R.A. 


Decl. 


km/sec 


13h09™0 
12  04.6 
12  32.2 


+3°40' 

+  17  16 

+9  10 


2,994 

6,741 

12,924 
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3184  and  NGC  6946  as  stellar  systems  in 
which  at  least  three  supernovae  each  were 
recorded  between  1900  and  1960. 

Catalogue  of  Galaxies  and  of  Clusters  of 
Galaxies 

The  manuscript  of  the  first  of  five  pro- 
jected volumes  of  positions,  photographic 
magnitudes,  and  other  characteristics  of 
galaxies  brighter  than  mv—  +15.7  has  now 
been  typed  and  is  ready  for  printing  by 
the  offset  process.  The  first  volume,  cover- 
ing the  area  from  right  ascension  7h  to 
18b  and  declination  —3°  to  +15°,  contains 
data  on  9500  galaxies  and  1300  clusters  of 
galaxies.  This  project  was  directed  by 
Zwicky  and  was  to  a  large  degree  sup- 
ported by  grants  from  the  Office  of  Naval 
Research;  it  will  in  the  future  be  sup- 
ported by  the  National  Science  Founda- 
tion and,  in  smaller  part,  by  the  Swiss 
National  Science  Fund.  In  addition  to  the 
data  on  about  40,000  galaxies,  which  at 
present  are  mostly  worked  up  by  Herzog 
in  Pasadena  and  Mr.  P.  Wild  in  Berne, 
the  catalogue  will  also  contain  positions, 
apparent  diameters,  populations,  and  esti- 
mated distances  of  about  10,000  clusters  of 
galaxies.  The  second  volume  of  the  cata- 
logue is  expected  to  be  ready  for  printing 
in  the  summer  of  1961. 

Statistics  of  Galaxies  and  of  Clusters  of 
Galaxies 

The  data  contained  in  the  first  volume 
of  the  catalogue  of  galaxies  and  of  clusters 
of  galaxies,  as  well  as  additional  data  ob- 
tained with  the  200-inch  telescope,  have 
been  subjected  respectively  by  Zwicky  and 
by  Zwicky,  Herzog,  and  Gomes  to  various 
types  of  statistical  analyses. 

The  total  numbers  N  of  galaxies  for 
84  fields  of  36  square  degrees  area  each 
have  been  plotted  as  log10,  N= function 
of  mp,  using  intervals  of  Arap  =  0.1  for  the 
apparent  magnitudes.  For  uniformly  and 
randomly  distributed  galaxies  and  no  in- 
terstellar or  intergalactic  absorption,  we 
should  expect  the  function  of  m   to  be 


equal  to  0.6m  +  constant.  From  the  devia- 
tions from  this  theoretical  function,  the 
presence  of  intergalactic  absorption  has 
been  confirmed,  and  for  the  interstellar 
absorption  a  wedge-shaped  body  of  dust  in 
the  Milky  Way  system  has  been  deduced 
as  a  first  approximation,  with  the  wedge 
widening  toward  the  center  of  our  Galaxy. 
In  the  least  obscured  regions  in  high 
galactic  latitudes  it  is  found  that  the  num- 
bers of  galaxies  per  square  degree  and 
brighter  than  mv—  +15.7,  on  the  average, 
are  larger  than  those  found  by  Hubble 
in  his  original  survey.  This  is  presumably 
due  to  the  presence  of  clusters  and  to  the 
inclusion  of  many  dwarf  stellar  systems 
of  low  surface  brightness  that  originally 
had  escaped  detection. 

The  correlation  between  the  numbers 
nb  of  galaxies  brighter  than  rap  =+15.7 
and  the  numbers  n/  per  square  degree 
counted  with  the  48-inch  schmidt  and 
sometimes  with  the  200-inch  telescope  is 
being  studied.  Generally,  wherever  the 
numbers  nb  are  large,  the  numbers  n/  are 
small,  indicating  that  intergalactic  dust 
clouds  accumulated  between  bright  gal- 
axies obscure  the  light  from  the  more 
distant  galaxies. 

Local  large  increments  to  the  numbers 
N  which  indicate  the  presence  of  clusters 
of  galaxies  are  being  analyzed  statistically 
in  narrow  magnitude  intervals  for  the 
purpose  of  establishing  the  luminosity 
function  of  the  galaxies  in  clusters.  These 
luminosity  functions,  as  obtained  from  the 
data  in  the  first  volume  of  the  catalogue, 
will  be  representative  for  medium  com- 
pact and  open  clusters  only,  since  the 
near-by  clusters  and  groups  in  Virgo, 
Hercules,  and  Leo  are  all  of  these  types. 
The  luminosity  function  of  the  galaxies 
in  compact  rich  clusters  of  galaxies,  how- 
ever, can  be  derived  from  several  hundred 
more  distant  compact  rich  clusters  of  gal- 
axies which  are  included  in  the  catalogue 
and  from  the  data  obtained  from  103a-E 
plates  photographed  with  the  48-inch 
schmidt. 
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The  populations  of  compact,  medium 
compact,  and  open  clusters  of  galaxies  in 
dependence  upon  the  angular  diameters 
of  these  clusters  are  studied  separately.  It 
has  been  shown  previously  that  from  these 
studies  the  functional  character  of  the 
brighter  end  of  the  luminosity  function 
can  be  derived. 

The  numbers  of  compact,  medium  com- 
pact, and  open  clusters  of  galaxies  listed 
in  the  first  volume  of  the  catalogue  have 
been  statistically  analyzed  for  dependence 
upon  their  angular  diameters.  The  cor- 
relation between  the  numbers  of  large 
near-by  clusters  of  galaxies  and  the  num- 
bers of  very  distant  clusters  of  galaxies 
of  small  angular  diameter  has  been  in- 
vestigated. 

Zwicky  has  also  made  a  study  of  indi- 
vidual rich  compact  clusters  of  galaxies 
in  order  to  use  their  angular  diameters 
and  their  population  densities  as  criteria 
for  distance  measurements. 

Dwarf  Stellar  Systems  in  the  Local  Group 

During  the  work  on  the  catalogue  of  gal- 
axies and  of  clusters  of  galaxies,  several  ad- 
ditional suspected  population-poor  dwarf 
galaxies  belonging  to  the  local  group  were 
picked  up.  Only  the  nearest  of  these,  lo- 
cated at  R.A.=6h50m13s  and  deck  +16°39' 
36"  (1950),  could  be  checked  with  the 
200-inch  telescope.  This  system  contains 
about  400  resolvable  stars,  of  which  20  of 
the  brightest  ones  are  red.  Assuming  that 
these  are  red  giants  of  absolute  magnitude 
—2,  the  distance  modulus  of  the  system  is 
of  the  order  of  19.5.  Spectra  of  one  of  the 
red  giants  and  one  of  the  fainter  blue 
stars  have  also  been  obtained  by  Zwicky 
with  the  prime-focus  spectrograph  of  the 
200-inch  telescope  at  a  dispersion  of  360 
A/mm.  Work  is  being  continued  to  obtain 
a  sufficient  number  of  spectra  of  the 
brightest  stars  in  some  of  the  near-by 
dwarf  galaxies  in  order  to  identify  their 
absolute  magnitudes  definitely. 


Multiple  Galaxies  and  Clusters  of  Galaxies 

About  30  spectrograms  have  been  ob- 
tained by  Zwicky  of  Cluster  0123-0138, 
which  contains  about  100  elliptical  galaxies 
and  has  a  velocity  of  recession  of  5500 
km/sec,  for  the  purpose  of  determining 
the  velocity  dispersion,  the  spectral  char- 
acter of  its  component  galaxies,  and  pos- 
sible indications  for  expansion  of  the 
cluster.  The  last  has  been  found  to  be 
nonexistent.  Also,  there  are  no  indications 
of  rotation  or  oscillation  of  the  whole 
cluster.  All  these  findings  are  in  con- 
formity with  the  spatial  distribution  of 
galaxies  in  the  cluster.  While  medium 
compact  clusters  of  poor  population  often 
contain  normal  and  barred  spirals,  as  well 
as  many  irregular  galaxies,  CI  0123-0138 
seems  to  contain  predominantly  elliptical 
galaxies  whose  spectra  exhibit  remarkably 
uniform  characteristics. 

Several  dozen  spectra  of  the  components 
of  double  and  multiple  galaxies  which  are 
interconnected  by  luminous  bridges, 
clouds,  and  tidal  formations  have  been 
obtained  by  Zwicky.  The  radial  velocities, 
apparent  diameters,  and  photographic 
magnitudes  of  the  component  galaxies,  as 
well  as  the  apparent  dimensions  and  mag- 
nitudes of  the  entire  systems  and  the 
luminous  intergalactic  formations,  were 
determined. 

Further  Tests  of  Ritz  Ballistic  Theory 
of  Light 

Recently  discussions  were  conducted  at 
the  meetings  of  the  Royal  Astronomical 
Society  about  possible  tests  of  the  ballistic 
theory  of  light,  which  holds  that  the  veloc- 
ity of  the  source  is  added  to  (or  subtracted 
from)  the  velocity  of  the  emitted  light. 
Provided  that  the  universe  is  expanding, 
the  aberration  ellipse  of  pointlike  galaxies 
in  exceedingly  distant  clusters  would  be 
larger  than  that  for  stars  in  the  Milky 
Way.  For  a  cluster  velocity  of  100,000 
km/sec,  the  aberration  ellipse  for  the 
galaxies    of    the    cluster    would    have    a 


MOUNT  WILSON  AND  PALOMAR  OBSERVATORIES        27 


diameter  of  about  60 "  of  arc  rather  than 
about  40"  of  arc.  Clusters  at  that  great 
distance  were  photographed  by  Zwicky  6 
months  apart  with  the  200-inch  telescope 
without  finding  any  detectable  apparent 
motion  of  the  images  of  the  galaxies  rela- 
tive to  the  images  of  the  stars.  The  work 
will  be  continued  in  order  to  measure  the 


possible  relative  yearly  motions  precisely. 
Exact  measures  will  be  necessary  for  the 
case  that  the  universal  redshift  is  not  due 
to  a  Doppler  effect  and  that  the  largest 
velocity  differences  between  galaxies  are 
only  of  the  order  of  a  few  thousand  kilo- 
meters per  second  rather  than  105  km/sec, 
or  more. 


RADIO  SOURCES 


The  Luminosity  Function 

The  investigation  of  extragalactic  radio 
sources  by  Minkowski  has  reached  a  stage 
in  which  nebular  redshifts  have  been  de- 
termined for  a  sizable  fraction  of  the  ob- 
jects identified  as  sources.  Absolute  radio 
magnitudes  have  thus  become  available, 
and  with  the  aid  of  these  data  it  has 
been  possible  to  determine  the  luminosity 
function  or  radio  sources.  Lists  of  sources 
identified  by  Minkowski,  Mills,  Dewhirst, 
and  Bolton  and  his  group  have  been  used. 
From  the  luminosity  function  it  can  be 
concluded  that  absolutely  strong  sources 
contribute  the  largest  fraction  of  all  sources 


in  the  present  surveys.  This  explains  ade- 
quately the  fact  that  even  with  the  aid  of 
the  most  precise  radio  positions  now  avail- 
able only  a  fraction  of  all  sources  can  be 
identified.  The  prevalence  of  absolutely 
strong  sources  implies  pronounced  cosmo- 
logical  effects  on  the  relation  of  number 
of  sources  as  a  function  of  decreasing  flux 
density.  The  observational  data,  there- 
fore, cannot  be  explained  without  the 
assumption  of  evolutionary  effects.  The 
luminosity  function  must  have  contained 
more  strong  sources  at  the  time  when  the 
radiation  of  the  most  distant  sources  was 
emitted. 


THEORETICAL  STUDIES 


Origin  of  the  Elements 

Theoretical  studies  on  the  origin  of  the 
elements  have  been  carried  out  by 
Cameron.  One  important  new  difficulty 
arises  if  stars  reach  very  high  temperatures 
— the  loss  of  energy  by  neutrino  emission. 
Cameron  believes  that  neutrino-pair  emis- 
sion by  photons,  interacting  with  electrons, 
may  be  the  source  of  energy  loss  rates  up 
to  106  ergs/g  sec  when  the  temperature  in 
a  stellar  interior  reaches  7X108  °K.  Such 
losses  affect  the  theory  of  the  supernova 
outburst.  Cameron  has  also  suggested 
several  new  sources  of  neutrons,  important 
for  building  heavy  elements.  At  about 
2X108  °K,  alpha  reactions  with  Ne22 
occur,  even  though  the  reaction  is  endo- 
thermic.  Cameron  has  also  developed  a 
new  theory  of  the  reactions  occurring  in 
supernovae. 

The  occurrence  of  Xe129,  a  decay  product 


of  I129  in  the  Richardton  meteorite,  has 
provided  a  serious  problem  for  nucleo- 
genesis.  The  short  life  of  I129  requires 
that  the  interval  between  its  formation 
and  its  solidification  in  the  parent  body 
from  which  the  meteorite  came  be  very 
short.  Thus,  a  link  between  the  theory 
of  the  origin  of  the  planets  and  the  theory 
of  the  origin  of  the  elements  becomes 
necessary.  Cameron  has  suggested  a  spe- 
cific short-time  scale  for  the  condensation 
of  the  preplanetary  dust  and  gases.  Dr. 
William  Fowler  and  Hoyle  have  also  been 
concerned  with  this  problem  and  with 
the  utilization  of  the  energy  excess  that  a 
star  must  dissipate  before  it  condenses. 

Properties  of  Matter  at  High   Densities 

Neutron  matter  at  high  densities  was 
investigated  by  Salpeter.  The  aim  of  this 
work    was   to   calculate   the   pressure    of 
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matter  in  perfect  thermodynamic  equi- 
librium at  high  densities  but  at  tempera- 
tures much  less  than  1010  °K.  The  equi- 
librium form  of  matter  was  calculated, 
appropriate  at  different  densities  (iron 
region  at  normal  densities,  heavy  neutron- 
rich  nuclei  and  free  neutrons  at  high 
densities,  hyperons  at  even  higher  densi- 
ties), and  the  corresponding  pressure  was 
evaluated.  This  work  is  now  being  applied 
to  stellar  models  for  "neutron  stars,"  i.e., 
stars  with  very  high  densities  in  their 
interior;  the  main  aim  is  to  calculate 
luminosity  and  surface  temperature  as 
functions  of  central  temperature  and  to 
estimate  cooling  times. 

Salpeter  also  made  studies  of  stellar  sta- 
tistics as  related  to  mass  loss  and  the  ages 
of  clusters.  Observed  color-magnitude 
diagrams  and  luminosity  functions  for 
various  clusters,  and  the  observed  "age- 
zero  main  sequence"  as  well  as  theoretical 
calculations  for  the  early  evolution  of  stars 
of  different  masses,  were  used  for  two  or 
three  alternative  schemes  for  fitting  the 
age  and  distance  modulus  of  each  cluster. 
The  possible  effects  of  mass  loss  on  such 
fitting  procedures  were  also  investigated. 

Radiative  Equilibrium   in  H  II  Regions 

As  part  of  a  theoretical  re-examination 
of  the  problems  of  radiative  equilibrium 
in  H  II  regions,  the  ionization  of  hydrogen 
as  a  function  of  the  distance  from  the  excit- 
ing stars  has  been  computed  by  Munch, 
allowing  for  a  finite  probability  p  of 
recombination  in  the  ground  state.  The 
spherical  transfer  problem  for  the  radia- 
tion shortward  of  A912  has  been  solved  in 
a  Milne-type  approximation  simultane- 
ously with  the  ionization  equation.  For 
p  =  0.2  and  0.4,  it  has  been  found  that 
the  radius  of  a  homogeneous  H  II  region 
is,  respectively,  10  and  20  per  cent  larger 
than  the  Stromgren  radius.  The  discrep- 
ancy between  these  results  and  those  of 
Pottasch  and  Jefferies  has  been  traced  to  an 
incorrect  procedure  followed  by  these  au- 
thors for  integrating  the  differential  equa- 
tions of  the  problem. 


The  diffuse  illumination  of  an  infinite 
and  homogeneous  scattering  medium  by  a 
point  source  has  been  studied  and  evalu- 
ated exactly  for  the  first  time.  By  means 
of  Fourier  transform  methods,  the  integral 
equation  for  the  source  function,  derived 
first  by  Ambartsumian,  has  been  solved 
and  is  now  being  numerically  evaluated  in 
a  high-speed  digital  computer. 

The  emission  from  possible  interstellar 
H2  molecules  has  been  re-evaluated  by 
Munch,  using  revised  values  for  the  cross 
sections  for  collisional  excitation  of  the 
lowest  rotational  levels.  The  treatment  im- 
proves the  earlier  one  by  Spitzer  in  allow- 
ing for  departure  in  the  population  of  the 
rotational  states  from  a  Boltzmann  equi- 
librium. For  this  purpose,  the  intensity 
of  a  forbidden  transition  was  evaluated 
when  the  radiative  and  collisional  deac- 
tivations are  competitive  and  allowance  is 
made  for  stimulated  transitions  of  a  finite 
optical  depth  of  the  medium.  The  results 
verify  Spitzer's  earlier  result  that  a  few 
per  cent  of  H2  concentration  with  respect 
to  atomic  H  suffices  to  make  the  emission 
in  the  A  =  28^1  rotational  quadrupole  tran- 
sition (/  =  2— >J  —  0)  the  main  process 
through  which  H  I  regions  lose  energy. 
The  optical  depth  in  this  line  of  the  whole 
Galaxy  is,  however,  only  of  the  order  of 
10-4,  and  consequently  the  intensity  of  the 
lines  is  so  low  (10~5  erg/cm2/sec  steradian) 
that  balloon  or  satellite  observation  is  be- 
yond the  reach  of  the  best  existing  infrared 
devices  (as  the  gold-doped  germanium 
crystal) . 

Cosmology 

Calculations  have  been  made  by  Sand- 
age  to  assess  the  ability  of  the  200-inch 
telescope  to  discriminate  between  selected 
world  models.  The  four  observational  tests 
considered  are:  (1)  the  deviation  from 
linearity  of  the  redshift-magnitude  rela- 
tion; (2)  the  galaxy  count-magnitude  re- 
lation; (3)  the  angular  diameter-redshift 
relation;  and  (4)  the  time  scale.  Selected 
exploding  models  of  the  Friedman  type 
and  the  steady-state  model  are  considered. 


MOUNT  WILSON  AND  PALOMAR  OBSERVATORIES 


29 


The  object  of  the  tests  is  to  determine  the 
deceleration  parameter  qo.  If  qo  is  known, 
the  type  of  cosmological  model,  the  space 
curvature,  and  the  time  scale  can  be  found 
by  means  of  the  derived  equations. 

At  a  redshift  of  Z  =  AA/A  =  0.5,  a  dif- 
ference of  0.7  mag  exists  in  the  redshift- 
magnitude  relation  between  a  closed  el- 
liptical universe  with  qo—+l  and  the 
steady-state  model  with  qo—  —  1.  Such  a 
difference  can  possibly  be  detected  by 
observations  near  the  limit  of  the  200-inch 
telescope.  Indeed,  observations  already  in 
hand  suggest  that  qo—  —  1  does  not  fit  the 
data.  In  1956  Humason,  Mayall,  and 
Sandage  determined  qo  to  be  +2.5  ±  1. 
More  recently,  Baum  finds  a  value  of 
qo—  +l±y2  from  his  observations  to  a 
fainter  limit.  Both  values  are  inconsistent 
with  the  steady-state  universe,  which  re- 
quires q0—  —1. 

Use  of  galaxy  counts  does  not  seem  to 
provide  a  test  between  models.  The  cal- 
culations indicate  that  at  the  limit  of  the 
200-inch  an  observational  error  of  only 
0.28  mag  in  the  galaxy  counts  can  change 
the  data  from  indicating  a  closed  universe 
with  qo  =  + 1  to  an  open,  empty  model 
with  qo  =  0.  There  seems  to  be  no  hope 
of  finding  qo  from  galaxy  counts,  because 


the  predicted  difference  between  the 
models  is  too  small. 

The  angular  diameter  subtended  by  a 
linear  distance  y  changes  with  Z  differ- 
ently from  the  way  isophotal  diameters 
change.  Both  types  of  diameters  were 
considered,  and  a  test  for  qo  appears  to  be 
possible  with  the  200-inch,  but  the  test  will 
be  difficult  and  perhaps  marginal. 

Finally,  as  was  mentioned  in  discussing 
NGC  188,  the  time  scales  for  exploding 
world  models  are  too  short  compared  with 
the  age  of  the  oldest  stars  in  our  Galaxy 
if  the  Hubble  time  of  H0~x=  13  X  10°  years 
is  correct.  Only  the  steady-state  model 
survives  the  time  scale  test;  but,  as  was 
mentioned  before,  the  observed  qo  value 
discards  the  steady-state  model.  The  only 
conclusion  is  that  no  single  world  model 
fits  all  the  data.  But  the  data  are  not  pre- 
cise enough  at  present  to  make  such  a 
statement  with  conviction.  More  observa- 
tions are  badly  needed.  On  the  basis  of 
these  calculations,  it  is  clear  that  a  con- 
centrated effort  should  be  made  with  the 
200-inch  (1)  to  improve  the  redshift-mag- 
nitude  relation,  (2)  to  begin  observations 
on  the  angular  diameter-redshift  relation, 
and  (3)  to  improve  the  value  of  the 
Hubble  parameter  Ho. 


INSTRUMENTATION 


Several  gratings,  including  some  of  high 
quality,  have  been  ruled  by  Roberts  in 
gaining  experience  with  the  ruling  ma- 
chine. Progress  has  been  made  in  the  ap- 
plication of  ruling  diamonds  oriented  and 
cut  according  to  X-ray  diffraction  data  to 
secure  the  most  durable  ruling  edge. 
Nevertheless,  tool  durability  remains  one 
of  the  greatest  obstacles  to  the  production 
of  large  gratings. 

To  reduce  the  large  amount  of  time  con- 
sumed in  ultimate  mechanical  adjustments 
of  the  ruling  machine,  a  design  has  been 


evolved  by  H.  W.  Babcock  for  applying 
interferometric  control.  This  design,  quite 
different  from  that  of  George  Harrison, 
involves  a  minimum  of  mechanical  altera- 
tions to  the  existing  machine  yet  is  aimed 
at  control  of  the  spacing  to  a  precision 
of  1/100  of  a  fringe  of  green  light  by 
means  of  a  Michelson  interferometer.  Vari- 
ous components  have  been  obtained,  and 
the  construction  of  mechanical  parts  of 
the  new  system  is  well  advanced.  The 
optical  shop  has  nearly  completed  the  very 
precise  interferometer  plates. 


GUEST  INVESTIGATORS 

Guest  investigators  have  carried  out  the  Dr.  George  O.  Abell  of  the  Department 
following  programs  at  the  Observatories  of  Astronomy,  University  of  California, 
during  the  current  year.  Los  Angeles,  has  continued  his  investiga- 
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tion  of  rich  clusters  of  galaxies  for  the 
purpose  of  determining  the  bright  end  of 
the  galaxian  luminosity  function  and  of 
finding  a  more  dependable  criterion  for 
extragalactic  distances.  The  galaxian  mag- 
nitudes are  obtained  by  a  method  of  extra- 
focal  photographic  photometry. 

The  procedure  for  obtaining  total  mag- 
nitudes requires  a  knowledge  of  the  distri- 
bution of  light  in  elliptical  galaxies.  The 
surface  brightness  distribution  has  been 
measured  in  twelve  elliptical  galaxies,  for 
eight  of  them  by  photoelectric  measures 
at  the  100-inch  telescope,  and  for  the  other 
four  by  photographic  photometry  with  the 
48-inch  schmidt  telescope.  For  the  inner 
parts  of  the  galaxies  the  surface  brightness 
is  represented  well  by  Hubble's  interpola- 
tion formula:  l=lo/(r/a  +  l)2.  However, 
for  values  of  r  larger  than  21.4a,  the  data 
are  best  represented  by  the  relation: 
l  =  22Al0/(r/a+iy.  The  technique  for 
reducing  measured  galaxian  magnitudes 
to  total  magnitudes,  developed  by  Dr. 
Abell  and  Mr.  D.  Mihalas,  has  been  ex- 
tended to  yield  total  galaxian  magnitudes 
from  the  adopted  interpolation  formula 
from  measures  obtained  by  both  extrafocal 
and  jiggle-drive  photographic  photometry. 

Luminosity  functions  are  now  available 
for  three  galaxian  clusters  in  both  photo- 
graphic and  photovisual  magnitudes.  All 
photographic  measures  were  obtained  on 
plates  made  with  the  48-inch  schmidt  tele- 
scope. Stellar  magnitude  sequences  have 
been  set  up  in  the  cluster  fields  photo- 
electrically  with  the  100-inch  telescope.  For 
each  of  the  clusters  the  luminosity  function 
shows  distinctive  features  which  permit 
the  determination  of  differences  in  distance 
moduli  between  different  clusters.  The 
most  important  feature  is  a  preliminary 
maximum  similar  to  a  corresponding  fea- 
ture found  in  the  luminosity  function  of 
the  Ursa  Major  Cluster  1  by  Baade  in 
1928  and  by  Seyfert  in  1937.  This  maxi- 
mum appears  to  be  a  stable  characteristic 
of  the  luminosity  function  of  galaxies  in 
clusters.  The  difference  between  the  mag- 


nitudes of  the  maximum  and  the  tenth 
brightest  cluster  member  varies  from 
cluster  to  cluster  by  more  than  0.5  mag. 

The  frequency  of  spectroscopic  binaries 
among  metallic-line  (Am)  stars  has  been 
suspected  by  various  observers  to  be  higher 
than  the  25  to  30  per  cent  usually  quoted 
for  normal  A-type  stars.  Therefore  Dr. 
Helmut  Abt  of  the  Kitt  Peak  Observatory 
started  a  program  at  the  McDonald  Ob- 
servatory and  completed  it  at  Mount  Wil- 
son to  determine  the  frequency  of  binaries 
among  a  random  sample  of  25  Am  stars. 
Of  these,  21  show  binary  motion.  After  a 
reasonable  allowance  for  orbits  seen  nearly 
pole-on  and  for  long-period  systems,  it  is 
concluded  that  all  Am  stars  are  in  binaries. 
A  subsidiary  program  is  the  determina- 
tion of  the  frequency  of  binaries  among 
normal  A-type  dwarfs  in  the  same  spectral 
range  (A4  to  F2)  as  the  Am  stars.  An- 
other aim  of  that  project  is  the  search  for 
a  possible  correlation  between  rotational 
velocity  and  frequency  in  binaries.  A 
random  sample  of  32  stars  was  observed 
spectroscopically  with  the  Mount  Wilson 
60-inch  reflector.  The  two  projects  have 
yielded  ten  first  spectroscopic  orbits  to 
date. 

The  well  known  eclipsing  binary  (3 
Lyrae  is  a  member  of  the  visual  multiple 
system  ADS  11745,  which  has  six  mem- 
bers from  3.4  to  14  mag.  The  possibility 
that  this  system  may  be  a  physical  one 
and  would  then  yield  an  independent  ab- 
solute magnitude  for  $  Lyrae  is  being  con- 
sidered. Spectra  of  stars  B,  E,  and  F  have 
been  obtained  at  Mount  Wilson  by  Dr. 
Abt.  Companion  B  was  found  to  be  a 
spectroscopic  binary  with  a  period  of 
4.3451  days.  Dr.  H.  M.  Jeffers  and  Mr. 
James  Gibson  of  the  Lick  Observatory  pro- 
vided positional  measures  for  the  same 
three  stars,  and  Sandage  measured  them 
photoelectrically.  The  conclusions  are  that 
the  system  is  a  physical  one,  that  the  ab- 
solute visual  magnitude  of  (3  Lyrae  is 
about  —3.8,  and  that  consequently  the 
secondary  star  of  3  Lyrae  is  the  more  mas- 
sive. 
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Dr.  L.  H.  Aller  of  the  University  of 
Michigan  and  O.  C.  Wilson  measured  the 
intensities  of  the  stronger  ultraviolet  lines 
in  the  spectra  of  the  planetary  nebulae 
NGC  7027  and  NGC  7662,  using  the 
photoelectric  scanner  of  the  coude  focus 
of  the  100-inch.  These  data  are  being  used 
by  Dr.  Aller,  Bowen,  and  Wilson  to  cali- 
brate photographic  measurements  of  emis- 
sion-line intensities  in  these  two  plane- 
taries. 

Drs.  John  Bahng,  Kurt  Dressier,  and 
John  Rogerson  of  the  Princeton  University 
Observatory  brought  the  scanning  photo- 
electric spectrophotometer,  which  they  had 
developed,  to  Mount  Wilson  and  used  it  at 
the  100-inch  coude  to  observe  differences 
in  chemical  composition  between  stars  of 
Population  I  and  Population  II  by  measur- 
ing equivalent  widths  of  selected  metallic 
lines.  Unfortunately,  the  weather  was  un- 
favorable during  the  observing  period  as- 
signed so  that  there  was  too  little  time  to 
obtain  useful  results. 

An  astrometric  program  on  the  Hyades 
was  undertaken  by  Dr.  A.  Hunter  of  the 
Royal  Greenwich  Observatory  during  the 
winter.  In  a  region  within  about  18°  of 
the  center  of  the  cluster,  first-epoch  60-inch 
and  100-inch  plates  exist  in  the  Mount 
Wilson  collection  for  nearly  90  fields.  Most 
of  these  were  taken  by  van  Maanen  for 
proper  motion  or  parallax  measurements, 
the  remainder  having  been  secured  as 
part  of  Hubble's  extragalactic  survey  or 
for  other,  less  extensive  programs.  Repeat 
plates  on  the  same  centers  and  (so  far  as 
possible)  at  the  same  hour  angles  were  ob- 
tained for  all  the  60-inch  fields  and  for 
rather  more  than  half  of  the  100-inch  fields. 
The  interval  ranges  from  about  20  to  about 
45  years;  proper  motions  will  be  deduced 
by  measuring  the  plates  at  Herstmonceux. 

Two  early  plates  taken  with  the  48-inch 
schmidt  telescope  and  centered  on  the 
Pleiades  were  also  found  in  the  plate  vault. 
Proper  motions  in  this  region  are  so  well 
known  that  the  repeat  plates  secured  by 
Dr.  Hunter  for  this  region  should  yield 


valuable  information  on  the  suitability  of 
the  instrument  for  astrometry. 

Additional  spectra  of  early  B  stars  in  the 
Orion  association  were  obtained  during 
the  year  by  Dr.  D.  H.  McNamara  of 
Brigham  Young  University  for  determin- 
ing rotational  velocities.  The  survey  is 
about  three-fourths  complete,  and  pre- 
liminary results  indicate  that  the  v  sin  i 
values  for  the  Orion  stars  are  considerably 
below  the  average.  Thus,  for  a  total  of  28 
BO  to  Bill  stars  in  Orion,  the  average 
v  sin  /=99  km/sec  compared  with  v  sin  i 
— 157  km/sec  for  the  general  field  stars  of 
similar  type. 

Plates  of  the  eclipsing  system  RZ  Scuti 
were  obtained  in  the  infrared  during  the 
eclipse  phases  in  order  to  search  for  the 
lines  of  the  secondary  component.  The  re- 
sults were  negative.  The  earlier  series  of 
blue  plates  of  RZ  Scuti  were  carefully 
measured  to  obtain  the  equivalent  widths 
of  the  "stream"  and  star  lines.  The  results 
indicate  that  the  number  of  atoms  re- 
sponsible for  the  formation  of  the  "stream" 
lines  is  approximately  equal  to  the  number 
responsible  for  the  formation  of  the  star 
lines.  Dr.  McNamara  has  also  continued 
the  investigation  of  the  eclipsing  systems 
AW  Pegasi,  TX  Ursae  Majoris,  and  V  448 
Cygni. 

The  Snow  telescope  and  the  McMath- 
Hulbert  spectrometer  were  used  in  a 
large  number  of  tests  and  trial  observa- 
tions in  the  period  July  1  to  September  22, 
1959,  by  Dr.  Walter  E.  Mitchell,  Jr.,  of  the 
Perkins  Observatory.  This  work  was  car- 
ried out  in  preparation  for  a  project,  the 
aim  of  which  is  to  obtain  direct  intensity 
photometric  tracings  of  the  solar  spectrum 
in  the  regions  of  the  ultraviolet  3650  to 
3000  A  and  the  photographic  infrared  8760 
to  13000  A. 

The  tests  conducted  were,  for  the  most 
part,  of  radiation  detectors  and  their  as- 
sociated electronics.  A  total  of  nine  de- 
tectors was  tested :  six  mostly  at  near  infra- 
red wavelengths,  and  three  mostly  at  ultra- 
violet   wavelengths;    in    the    infrared,    a 
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Cashman  PbS  cell,  a  CsO-Ag  gas  multi- 
plier, a  McMath-Hulbert  Farnsworth  and 
a  Mount  Wilson  Farnsworth  multiplier, 
and  an  RCA  7102  (Leighton)  and  an 
RCA  7102  (McMath-Hulbert)  photo- 
multiplier;  and  in  the  ultraviolet,  two 
RCA  lP21's  and  an  RCA  7326.  One  Mount 
Wilson  a-c  amplifier  was  tested  with  the 
PbS  cell,  and  five  d-c  amplifiers  (Kron- 
type,  M.I.T.,  Code  1,  Code  2,  and  General 
Radio)  with  the  remaining  cells.  The  gas 
multiplier  required  extensive  rebuilding  in 
its  vacuum  chamber.  A  McMath-Hulbert 
cold-box  cylindrical  construction  was 
modified  for  use  with  the  Mount  Wilson 
Farnsworth  and  the  RCA  photomulti- 
pliers. 

The  results  of  the  tests  and  trial  observa- 
tions in  the  wavelength  regions  indicated 
above,  with  the  telescope  and  spectrograph 
in  moderately  good  optical  adjustment, 
indicated  that  infrared  observations  of 
the  desired  quality  may  be  obtained  with 
an  RCA  7102  photomultiplier.  In  the 
region  3650  to  3000  A,  however,  the  per- 
formance of  the  instrument  fell  below 
that  anticipated  by  as  much  as  an  order 
of  magnitude. 

Dr.  W.  W.  Morgan  of  the  Yerkes  and 
McDonald  Observatories  has  continued 
the  classification  of  the  forms  of  the 
brighter  galaxies  from  the  original  nega- 
tives of  the  National  Geographic  Society- 
Palomar  Observatory  Sky  Survey.  A  spe- 
cial investigation  was  begun  of  the 
relationship  between  the  form  types  on 
the  Yerkes  system  and  the  apparent  bright- 
ness of  galaxies  that  are  members  of 
clusters  and  multiple  systems.  In  the 
majority  of  such  clusterings,  there  appears 
to  be  a  definite  statistical  relationship  be- 
tween the  central  concentration  of  lumi- 
nosity of  the  brighter  component  galaxies 
and  their  visual  apparent  magnitudes.  The 
most  centrally  condensed  galaxies  in  a 
clustering  tend  also  to  be  the  brightest 
members  of  the  cluster;  the  central  con- 
centration of  luminosity  for  individual 
members  of  clusters  tends  to  decrease  on 
passing  toward  fainter  magnitudes.   This 


relationship  exists  among  galaxies  within 
approximately  three  magnitudes  of  the 
brightest  member.  In  poor  clusters  and 
multiple  galaxies,  the  relationship  between 
form  class  and  difference  in  apparent  mag- 
nitude suggests  the  possibility  of  a  rela- 
tionship between  Yerkes  form  class  and 
absolute  magnitude  which  may  have  a 
generality  similar  to  that  of  H-R  diagrams 
for  stars. 

During  July,  August,  September,  and 
October  Dr.  P.  Th.  OosterhofT  of  the  Uni- 
versity of  Leiden,  the  Netherlands,  ob- 
served 63  nights  with  the  20-inch  Palomar 
reflector  and  9  nights  with  the  Mount  Wil- 
son 60-inch  reflector.  The  work  at  Palo- 
mar consisted  of  photoelectric  observations 
in  the  U ,  B,  V  system  of  52  cepheids  which 
had  not  been  observed  photoelectrically 
before.  These  observations  will  yield  color 
excesses  and  distances.  At  Mount  Wilson 
the  globular  cluster  NGC  6171  was  ob- 
served photographically  for  a  study  of  the 
variables  and  of  the  color-magnitude  dia- 
gram. Plates  were  also  taken  of  NGC 
6402. 

Between  June  and  August  1959,  240 
plates  of  planetary  nebulae  were  taken  by 
Dr.  L.  Perek  of  the  Astronomical  Insti- 
tute of  the  Czechoslovak  Academy  of  Sci- 
ences in  Prague  with  the  60-inch  and  100- 
inch  reflectors  for  measurements  of  the 
angular  diameters.  For  the  same  purpose 
220  plates  from  Minkowski's  collection 
have  been  used.  A  region  of  500  square 
degrees  around  the  galactic  center  was 
covered  by  48-inch  schmidt  plates  in  three 
colors  to  provide  a  check  on  faint  planetary 
nebulae.  This  material  is  being  used  also 
for  other  purposes,  e.g.,  a  search  for  faint 
members  of  the  association  Sagittarius  V. 

About  50  spectrograms  of  stars  with  ex- 
ceptionally large  velocities  have  been 
secured  with  the  Cassegrain  spectrograph 
of  the  60-inch  reflector. 

Dr.  L.  Plaut  of  the  Kapteyn  Astronomi- 
cal Laboratory  at  Groningen,  Holland, 
spent  about  six  months  at  the  Observa- 
tories carrying  out  two  programs.  The 
first  is   a  continuation  of  the  survey  of 
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faint  variable  stars  in  four  fields  by  means 
of  plates  taken  with  the  48-inch  schmidt 
on  Palomar  Mountain.  From  July  1  to 
September  25  the  following  numbers  of 
plates  were  obtained: 


Field 

/ 

b 

Number 

1 

327° 

+  28° 

19 

2 

331 

+  12 

17 

3 

327 

-12 

19 

4 

48 

+  10 

24 

These  plates,  together  with  those  taken  in 
the  summer  of  1959  before  July  1,  are 
intended  especially  for  a  search  for  long- 
period  variables  by  comparing  them  with 
the  plates  taken  in  the  summer  of  1956. 
The  plates  have  been  shipped  to  Gro- 
ningen,  where  the  measuring  and  reduc- 
tion are  now  being  pushed  forward  rap- 
idly; it  will  be  a  few  years,  however,  before 
definitive  results  on  the  distribution  of 
faint  variable  stars  will  be  available. 

The  second  program  concerns  radial 
velocities  of  B-type  stars  in  the  associations 
Lacerta  and  Cepheus  III.  About  300  plates 
have  been  taken  with  the  4-inch  camera 
of  the  X  spectrograph  at  the  60-inch  re- 
flector on  Mount  Wilson.  The  plates  are 
measured  and  reduced  at  Groningen  un- 
der the  supervision  of  Professor  Blaauw. 

Dr.  Daniel  M.  Popper  of  the  University 
of  California  at  Los  Angeles  has  made 
spectroscopic  observations  for  the  con- 
tinuation of  his  program  on  the  absolute 
dimensions  of  stars  from  the  analysis  of 
eclipsing  binary  systems.  During  the  year 
analyses  of  two  systems  containing  stars 
of  high  luminosity  have  been  nearly  com- 
pleted. The  first  is  the  famous  system 
C  Aurigae,  for  which  35  spectrograms  con- 
centrated near  the  extremes  of  velocity 
variation  have  been  analyzed.  The  critical 
problem  is  to  obtain,  over  the  period  of 
revolution,  the  velocity  variation  shown  by 
the  broad  hydrogen  lines  of  the  hotter 
star,  which  are  badly  chopped  up  by  the 
metallic  lines  of  the  cool  luminosity  class  II 
star.  The  measures  were  made  on  micro- 
densitometer   tracings,  calibration   of  the 


method  being  by  means  of  26  spectrograms 
of  "synthetic  binaries"  made  by  combin- 
ing spectra  of  stars  of  known  velocity.  The 
resulting  provisional  values  for  the  masses 
are  8.0  solar  masses  for  the  K4  II  star  and 
5.8  for  the  B  star.  The  value  for  the  cool 
star  is  one-half  to  one-third  of  previous 
estimates  of  its  mass. 

The  second  system  under  study  is  KU 
Cygni,  consisting  of  stars  classified  as 
MO  II— III  and  F2p.  The  F  star  has  spectro- 
scopic characteristics  of  a  supergiant  with 
peculiarities  suggesting  shell  properties. 
Analysis  is  made  difficult  by  the  faint- 
ness  of  the  system  (11  to  14  mag)  and  by 
intrinsic  variations  in  the  light  of  the 
F  star.  Reasonable  interpretation  of  the 
observations  requires  that  the  mass  of  the 
F  star  lie  within  the  range  20  to  125  solar 
masses,  and  that  of  the  M  star  in  the 
range  2  to  7  solar  masses.  The  luminosity 
of  the  F  star,  obtained  from  its  color  and 
radius,  cannot  be  appreciably  greater  than 
100  times  that  of  the  sun.  Three  solar 
masses  is  the  approximate  upper  limit 
heretofore  obtained  for  stars  with  lumi- 
nosities no  greater  than  100. 

Dr.  Jorge  Sahade  of  the  La  Plata  Ob- 
servatory, Argentina,  has  made  additional 
observations  of  W  Ursae  Majoris  systems, 
spectrograms  being  obtained  of  AM 
Leonis  and  V566  Ophiuchi.  He  has  also 
observed  the  spectra  of  Of  stars,  noting 
in  particular  the  differences  between  stars 
of  high  and  low  velocity.  The  stars  HD 
190429,  HD  175754,  and  HD  192281  were 
observed  for  this  program.  Further  ob- 
servations were  made  of  27  Canis  Majoris, 
and  drastic  changes  in  the  spectrum  were 
noted  since  the  early  part  of  1959,  no  shell 
lines  being  present  in  April  1960.  Further- 
more, Ha  showed  a  change  in  structure 
between  April  and  May  of  1960.  Spectra 
were  also  obtained  of  a  few  eclipsing 
variables  such  as  h  Librae  and  TT  Hydrae. 
One  3  Canis  Majoris  star,  c  Scorpii,  was 
observed  and  will  be  discussed  in  collabora- 
tion with  Dr.  Otto  Struve  in  order  to 
obtain  further  information  on  the  differ- 
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ence  in  behavior  between  hydrogen  and 
the  other  elements. 

Dr.  J.  L.  Sersic  of  the  Cordoba  Ob- 
servatory, Argentina,  spent  eight  months 
under  a  fellowship  of  the  Consejo  Na- 
cional  de  Investigaciones  of  Argentina 
working  on  H  II  regions  in  extragalactic 
nebulae.  Diameters  of  the  larger  H  II 
regions  in  100  galaxies  were  measured 
on  200-inch  and  100-inch  plates.  A  strong 
correlation  between  diameter  and  type  of 
galaxy  found  earlier  {Observatory,  79,  54, 
1959)  was  confirmed.  Relative  distance 
moduli  for  several  groups  of  galaxies  were 
estimated.  On  the  suggestion  of  Sandage, 
Dr.  Sersic  catalogued  the  H  II  regions  in 
M  33  on  the  basis  of  200-inch  plates  taken 
by  Ha  by   Sandage. 

With  the  aid  of  a  grant  from  the  Na- 
tional Science  Foundation,  Dr.  George 
Wallerstein  of  the  Department  of  Astron- 
omy of  the  University  of  California  at 
Berkeley  has  determined  the  abundances 
of  the  metals  in  numerous  high-velocity 
G  dwarfs.  The  work  is  based  upon  100- 
inch  coude  spectrograms  in  the  yellow 
region  with  a  dispersion  of  15  A/mm. 
Although  the  program  is  not  completed, 
two  facts  have  emerged.  There  is  an 
excellent  correlation  between  metal  defi- 
ciency and  ultraviolet  excess,  in  that,  the 
larger  a  star's  ultraviolet  excess,  the  greater 
is  its  deficiency  in  the  metals.  Second, 
it  has  been  found  that  stars  deficient  in  the 
metals  by  a  factor  of  2  to  5  are  deficient 
in  manganese  by  a  factor  of  2  or  3  greater 
than  the  other  metals. 

Dr.  Wallerstein  and  Chambers  are 
studying  the  diffuse  interstellar  lines  in 
the  spectra  of  some  of  the  early-type  super- 
giants  in  h  and  x  Persei.  They  are  using 
spectrograms  of  30  A/mm  in  the  yellow- 
red  region  taken  with  the  Cassegrain  spec- 
trograph at  the  60-inch  telescope. 

Using  100-inch  coude  spectrograms,  Dr. 
Wallerstein  and  Mrs.  Y.  Stone  are  making 
an  abundance  comparison  between  Sirius 
and  the  high-velocity  A  star  7  Sextantis. 

Using  photographic  plates  and  a  photo- 
electric sequence  obtained  by  Sandage,  Dr. 


Wallerstein  has  measured  colors  and  mag- 
nitudes of  about  500  field  stars  near  the 
globular  cluster  NGC  6356.  The  material 
is  being  analyzed  in  an  attempt  to  de- 
termine the  absolute  magnitude  of  the 
red  giants  in  that  part  of  the  galactic 
nuclear  bulge. 

Dr.  R.  v.  d.  R.  Woolley  of  the  Royal 
Greenwich  Observatory,  using  the  100- 
inch  telescope  on  15  clear  nights  between 
September  8  and  November  21,  exposed 
139  plates  with  the  coude  spectrograph 
at  10  A/mm.  These  plates  were  intended 
for  the  measurement  of  radial  velocity; 
the  program  included  known  and  sus- 
pected members  of  the  Hyades  cluster  and 
MK  standards  F6  V-G0  V.  In  addition  12 
spectra  of  the  moon  were  obtained. 

The  plates  were  measured  at  the  Royal 
Greenwich  Observatory;  together  with 
others  exposed  by  O.  C.  Wilson  they  form 
the  material  of  a  paper  to  be  published 
shortly  in  the  Royal  Greenwich  Observa- 
tory Bulletins.  Discussion  of  the  results 
of  this  paper  indicates  that  a  perfectly 
measured  spectrum  has  an  s.e.  of  ±1.1 
km/sec.  Comparison  of  the  observed 
velocities  of  the  moon  with  its  kinematic 
velocity  yielded  a  small  correction  to  the 
system.  The  final  results  for  the  Hyades 
were  compared  with  van  Bueren's  velocity. 
The  four  red  giants  show  a  residual  of 
+  1.6  km/sec  s.e.  ±0.3  km/sec,  and  twelve 
dwarfs  —1.0  ±0.1  km/sec.  Three  other 
dwarfs  are  believed  to  be  either  variable 
in  radial  velocity  or  nonmembers.  Some 
trials  are  being  made  of  the  suitability  of 
these  plates  for  spectrophotometry. 

In  furtherance  of  the  same  program, 
Dr.  Woolley  used  the  X  spectrograph  of 
the  60-inch  telescope  on  11  nights  to  ob- 
tain 89  plates  of  stars  and  19  moon  plates 
at  20  A/mm.  The  discussion  of  these 
plates  is  not  complete,  but  it  appears  that 
the  moon  velocities  are  3.4  km/sec  low 
on  the  kinematic  value.  Virtually  the  same 
residual  is  given  by  the  eleven  stars  with  a 
quality  velocity  in  Ralph  Wilson's  cata- 
logue. The  result  is  confirmed  by  Dr.  Abt, 
who  found  a  residual  of  4.0  km/sec  in  the 
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same  sense  from  the  Lick  velocity  of  a 
Canis  Minoris,  of  which  he  took  eleven 
Xd  plates  in  the  same  period.  The  residual 
does  not  appear  to  be  correlated  with  either 
slit  width  or  focus  setting. 

The  space  velocities  of  late-type  giants 
with  weak  CN  absorption  were  investi- 
gated by  Dr.  Kenneth  M.  Yoss  of  Mount 
Holyoke  College.  Slit  spectrograms  for  a 
representative  sample  of  30  stars  of  this 
type  were  obtained  with  the  Mount  Wil- 
son 60-inch  reflector.  Radial  velocities  were 
measured  and  absolute  magnitudes  were 
obtained  from  microphotometer  tracings. 
Forty  standard  stars,  approximately  half 
of  which  are  high-velocity  stars,  were  used 


for  establishing  an  absolute  magnitude 
calibration  curve.  The  Mount  Wilson 
absolute  magnitudes,  which  have  an  in- 
ternal mean  error  of  ±0.4  mag,  are  sys- 
tematically 0.8  mag  fainter  than  the  abso- 
lute magnitudes  derived  from  the  Schmidt 
luminosity  classes.  Proper  motions  from 
the  Yale  Observatory  proper  motion  cata- 
logues have  been  used  with  the  Mount 
Wilson  radial  velocities  and  absolute  mag- 
nitudes to  compute  space  velocities,  cor- 
rected for  solar  motion.  The  maximum 
in  the  space  velocity  frequency  distribu- 
tion for  the  30  stars  occurs  at  approxi- 
mately 50  km/sec,  with  only  20  per  cent 
of    the    velocities    exceeding    65    km/sec. 


STAFF  AND  ORGANIZATION 


Dr.  Rudolph  Minkowski  retired  from 
the  staff  of  the  Observatories  on  June  30, 
1960.  He  came  to  the  Mount  Wilson  Ob- 
servatory as  research  associate  on  June  1, 
1935,  and  later  was  transferred  to  the  regu- 
lar staff.  In  his  first  investigation  he  ap- 
plied interference  techniques  to  the  study 
of  internal  motions  in  gaseous  nebulae. 
He  next  undertook  a  survey  of  the  sky 
for  planetary  nebulae  using  a  red-corrected 
astrograph  and  an  objective  prism.  As  a 
result  of  this  survey  the  number  of  known 
planetary  nebulae  was  more  than  doubled. 
Detailed  observations  of  these  nebulae 
with  the  large  reflectors  greatly  extended 
our  knowledge  of  the  spatial  forms  taken 
by  these  objects. 

In  the  late  1930's,  an  extensive  search  for 
supernovae  was  undertaken  with  the  18- 
inch  schmidt  at  Palomar  under  the  direc- 
tion of  Dr.  Zwicky.  Dr.  Minkowski  fol- 
lowed up  this  search  by  obtaining  the  first 
long  sequences  of  the  spectra  of  these  ob- 
jects. These  spectra  contributed  substan- 
tially to  our  knowledge  of  the  physical 
conditions  prevailing  in  these  objects  and 
clearly  differentiated  between  the  two 
known  types  of  supernovae. 

After  the  war,  Dr.  Minkowski  super- 
vised the  National  Geographic  Society- 
Palomar    Observatory   Sky   Survey.     The 


uniformly  high  quality  of  all  fields  of  the 
survey  is  chiefly  due  to  the  high  standards 
he  set  and  to  the  meticulous  care  with 
which  he  checked  all  plates  to  ensure  that 
these  standards  were  maintained.  Dr. 
Minkowski  collaborated  with  Dr.  Baade 
in  the  identification  of  radio  sources  with 
optically  observed  objects.  Detailed  studies 
were  made  of  several  of  these  sources,  in- 
cluding the  Crab  Nebula,  which  is  known 
to  be  the  remains  of  the  supernova  of  A.D. 
1054.  Spectroscopic  and  direct  observations 
provided  evidence  that  other  radio  sources, 
notably  Cygnus  A  and  NGC  1275,  are 
galaxies  undergoing  collisions. 

Dr.  Minkowski  served  on  the  Observa- 
tory Committee  from  1958  to  1960. 

Dr.  Colin  S.  Gum,  a  Carnegie  Fellow, 
was  most  unfortunately  killed  in  a  skiing 
accident  in  Switzerland  on  April  28,  1960. 
Dr.  Gum  was  born  in  Australia  and  re- 
ceived his  Ph.D.  degree  from  the  Aus- 
tralian National  University  at  Canberra 
in  1955.  Later  he  carried  out  extensive 
radio  surveys  of  the  Milky  Way  at  the 
Division  of  Radio  Physics,  Common- 
wealth Scientific  and  Industrial  Research 
Organization,  Sydney,  and  with  Dr. 
Pawsey  made  a  redetermination  of  the 
Galactic  Coordinate  System  on  the  basis 
of  these  observations. 
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Dr.  Gum  came  to  the  Observatories  as  a 
Carnegie  Fellow  in  September  1959,  and 
was  making  a  photoelectric  investigation 
of  polarization  in  near-by  galaxies.  He 
planned  to  return  to  the  University  of 
Sydney,  where  he  had  received  an  appoint- 
ment as  Senior  Lecturer  in  Charge  of  a 
new  observatory  that  was  planned  for  this 
institution.  At  the  time  of  the  accident,  he 
was  on  a  short  trip  in  Europe,  investigat- 
ing possible  builders  for  equipment  for 
the   new  observatory. 

Mr.  Ashel  N.  Beebe  retired  as  Superin- 
tendent of  Construction  on  June  30,  1960. 
Mr.  Beebe  came  to  the  Observatory  in 
1921  and  has  been  in  charge  of  buildings 
and  grounds  as  well  as  all  new  construc- 
tion since  1932. 

Dr.  Maarten  Schmidt  joined  the  staff  of 
the  Observatories  in  October  1959,  and 
Dr.  Robert  P.  Kraft  in  January  1960. 
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INTRODUCTION 


Results  of  fundamental  research  fre- 
quently are  universally  applicable.  Knowl- 
edge of  phase  equilibria  in  silicate  and 
sulfide  systems  gained  at  the  Geophysical 
Laboratory  has  repeatedly  been  applied 
to  mineral  associations  in  rocks  from  all 
the  continents  and  to  meteorites.  Appli- 
cation of  our  work  is  likely  to  be  extended 
further,  since  personnel  of  this  Laboratory 
are  currently  participating  in  the  planning 
phases  of  two  new  frontiers  of  earth  and 
planetary  science — the  space  program  and 
the  Mohole  project.  The  actual  exploration 
of  the  planets  is  certain  to  lead  to  addi- 
tional utilization  of  our  findings  and  is 
likely  to  raise  new  and  important  questions 
which  will  best  be  examined  in  a  labora- 
tory such  as  ours.  When  specimens  be- 
come available  from  deep  drilling  in  the 
earth,  these  too  will  be  in  part  examined 
here  and  interpreted  in  large  measure  on 
the  basis  of  past  and  future  findings.  Dur- 
ing this  year  further  additions  have  been 
made  here  to  knowledge  of  physical 
chemistry.  Some  of  the  highlights  of  the 
Geophysical  Laboratory's  work  are  out- 
lined in  the  following  paragraphs,  and 
described  in  detail  in  later  sections. 

Diamonds  have  been  synthesized  by 
Boyd  and  England  at  75  kilobars  and 
1500  °C  using  the  two-stage  apparatus  de- 
veloped here.  The  method  of  nucleation 
on  nickel  discovered  by  Bundy,  Hall, 
Strong,  and  Wentorf  at  the  General  Elec- 
tric Company  was  employed.  The  diamond 
crystals  are  black,  with  cube  and  octa- 
hedral faces,  and  are  as  large  as  0.1  mm. 
They  resemble  natural  "carbonado"  dia- 
monds used  for  industrial  purposes.  The 
dense  spinel  form  of  the  iron  olivine 
fayalite  has  also  been  obtained  in  a 
number  of  runs  in  the  pressure  range  60 
to  80  kilobars.  Preliminary  observations 
on  the  transition  fayalite-Fe2Si04  spinel 
together  with  data  obtained  by  Ringwood 
at  lower  pressures  and  temperatures  indi- 
cate that  the  transition   is  in   about  the 


same  P-T  range  as  the  graphite-diamond 
inversion.  Existence  of  the  spinel  form  of 
Fe2Si04  is  further  evidence  for  a  spinel 
transition  in  natural  olivine.  This  transi- 
tion may  be  responsible  for  the  seismic  dis- 
continuity at  a  depth  of  400  kilometers  in 
the  mantle. 

The  widespread  occurrence  at  the  earth's 
surface  of  kyanite  and  sillimanite  either 
alone  or  in  coexistence  is  an  important 
geological  observation.  Neither  form  has 
been  synthesized  in  the  laboratory  at 
atmospheric  pressure,  and  earlier  work 
indicated  that  pressures  as  high  as  20,000 
bars  were  involved  in  the  formation  of 
kyanite.  This  corresponds  to  pressures  en- 
countered at  depths  of  60  kilometers. 
Hence,  it  is  important  to  be  sure  that  the 
experimental  data  on  the  fields  of  stability 
of  these  minerals  are  reliable.  They  have 
now  been  checked  by  S.  P.  Clark  over  the 
range  900°  to  1500  °C.  Extrapolation  of 
the  new  data  to  0°C  indicates  a  minimum 
pressure  of  formation  of  4000  bars  for 
kyanite  in  nature.  Since  most  meta- 
morphic  processes  have  occurred  at  higher 
temperatures,  a  minimum  pressure  of 
10,000  bars  seems  more  probable,  corre- 
sponding to  a  depth  of  about  30  kilometers. 

Orville  has  described  a  mechanism  by 
which  large  amounts  of  alkali  ions  could 
be  transferred  from  one  locality  to  another 
within  a  rock  mass  in  the  presence  of  a 
thermal  gradient.  When  solutions  con- 
taining alkali  ions  are  simultaneously  in 
contact  with  alkali  feldspars  at  two  differ- 
ent temperatures,  potassium  tends  to  mi- 
grate toward  the  low-temperature  and 
sodium  toward  the  high-temperature  re- 
gion. This  observation  explains  the  pres- 
ence of  potassium-rich  feldspars  in  the 
wall  rock  adjacent  to  granitic  intrusives. 
Other  puzzling  occurrences  of  apparent 
alkali  metasomatism  seem  to  be  explain- 
able by  the  same  mechanism. 

The  search  for  a  common  sensitive 
piezometer  for  rocks  formed  under  a  wide 
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range  of  conditions  appears  to  have  yielded 
fruitful  results  for  Yoder  and  Chinner. 
Studies  on  the  join  almandite-pyrope  at 
10,000  bars  when  integrated  with  data 
obtained  earlier  by  Yoder  on  almandite 
and  by  Boyd  and  England  on  pyrope  at 
various  temperatures  and  pressures 
strongly  suggest  that  the  composition  of 
the  solid  solutions  formed  may  yield  a 
sensitive  measure  of  the  pressure  if  the 
temperature  is  known.  By  determining 
the  temperature  of  the  rock  independently 
with  one  of  the  many  geothermometers, 
the  pressure  can  be  ascertained  from 
knowledge  of  the  composition  of  the  com- 
mon garnet.  Although  the  influence  of  ad- 
ditional solid  solution  has  not  been  evalu- 
ated, the  common  garnet  promises  to  be 
a  most  useful  piezometer  in  rocks. 

Two  conclusions  important  to  meta- 
morphic  petrology  can  be  drawn  from  a 
study  by  Yoder  and  Chinner  of  the  grossu- 
larite-py rope-water  join.  First,  the  system 
is  uniquely  divided  midway  by  the  plane 
anorthite-diopside-spinel  which  separates 
the  anhydrous  calcium-rich  assemblages 
from  the  hydrous  magnesium-rich  assem- 
blages. Small  changes  in  the  CaO/MgO 
ratio  of  a  rock  may,  therefore,  result  in 
drastic  changes  in  mineralogy  even  at 
constant  pressure  and  temperature.  Sec- 
ond, the  mineral  assemblages  obtained 
have  been  attributed  to  the  greenschist, 
amphibolite,  pyroxene  hornfels,  and  horn- 
blende granulite  facies.  The  complexity 
of  the  system  brings  the  results  close  to 
the  natural  rocks  and  allows  interpreta- 
tion of  several  previously  unresolved  petro- 
logical  problems.  The  survival  of  hydrous 
assemblages  at  high  temperatures  empha- 
sizes the  masking  of  anhydrous  assem- 
blages at  high  water  pressure. 

Schreyer  has  continued  his  studies  on 
various  aspects  of  the  formation  and  stabil- 
ity of  magnesium  cordierite.  In  the  course 
of  this  work  he  has  synthesized  an  argon- 
bearing  cordierite.  As  much  as  2  to  3 
weight  per  cent  of  argon  is  firmly  held  in 
the  silicate  framework,  and  temperatures 


in  excess  of  700 °C  are  required  to  release 
this  noble  gas. 

Schairer  is  investigating  the  principal 
systems  bearing  on  the  nature  of  the  source 
magma  or  magmas  from  which  evolve  the 
great  diversity  of  igneous  rocks.  The 
components  selected  are  the  normative 
minerals  of  basalt,  including  forsterite, 
albite,  silica,  nepheline,  anorthite,  diopside, 
and  enstatite.  The  new  data  on  albite- 
forsterite-silica  and  forsterite-nepheline- 
diopside  are  major  contributions  to  the 
complex  basalt  system.  The  initial  suc- 
cesses of  this  far-reaching  program  suggest 
that  the  construction  of  a  "flow  sheet"  of 
the  main  liquid  courses  of  crystallization 
of  basalt  will  be  possible. 

The  pyroxenes,  one  of  the  major  mineral 
groups,  are  being  pursued  by  Hytonen. 
His  work  on  the  join  diopside-enstatite  in 
the  presence  of  anorthite  aids  in  outlining 
the  two-pyroxene  volume  in  the  basalt 
system.  He  found  that  alumina  in  the  py- 
roxene plays  a  significant  role  in  the 
course  of  crystallization  of  basalt. 

Zies  has  made  careful  chemical  analyses 
of  two  pantellerites.  These  rocks  originally 
attracted  considerable  interest  because  of 
their  unusual  mineralogy.  More  recently, 
their  importance  to  theories  of  differentia- 
tion of  basalts  has  been  emphasized.  Re- 
sults of  the  analyses  are  in  essential  agree- 
ment with  the  earlier  work  of  Washing- 
ton, but  in  addition  significant  amounts 
of  combined  chlorine,  previously  unde- 
tected, have  now  been  found  and  de- 
termined. 

The  formation  of  minerals  in  nature 
takes  place  in  the  presence  of  an  impure 
vapor  phase,  and  is  affected  by  both  high 
confining  pressure  and  the  partial  pressure 
of  the  reacting  volatile  component.  The 
separate  effects  of  total  pressure  and  partial 
pressure  can  be  predicted  from  thermo- 
dynamic theory,  which  indicates  that  the 
formation  of  minerals  of  low  molar  vol- 
ume is  favored  by  high  total  pressure. 
The  validity  of  the  theory  and  its  applica- 
bility to  geology  have  been  points  of  con- 
tention   among    petrologists    for    several 
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years,  and  experiments  by  earlier  workers 
have  failed  to  resolve  the  disagreement. 
Greenwood  has  now  tested  the  theory  by 
investigating  the  stability  of  analcite, 
NaAlSi206(H20),  in  the  presence  of  mix- 
tures of  water  and  argon.  In  conjunction 
with  this  study,  the  volumetric  properties 
of  the  system  water-argon  have  also  been 
determined.  The  stability  of  analcite  found 
by  the  quenching  experiments  in  the 
presence  of  argon  is  in  excellent  agreement 
with  the  stability  predicted  from  theory. 
The  theory  is  widely  applicable  to  prob- 
lems in  metamorphic  petrology,  and  may 
be  used  to  particular  advantage  as  a  frame 
of  reference  for  metamorphic  reactions 
occurring  in  the  presence  of  mixtures  of 
water  and  carbon  dioxide. 

The  effects  of  ionization  and  of  dis- 
solved substances  in  supercritical  geologi- 
cal fluids  are  virtually  unexplored  by 
petrologists,  although  the  chemistry,  to  a 
large  extent,  controls  the  relations  between 
natural  and  experimental  hydrothermal 
mineral  stabilities.  Preliminary  results 
with  NaOH  as  a  solute  have  been  ob- 
tained by  Barnes  and  Ernst;  they  indicate 
that  P-T  curves  involving  hydration  in 
nature  may  be  70  °C  or  more  lower  than 
those  obtained  under  experimental  condi- 
tions with  pure  H20  present. 

The  manner  in  which  the  structure  and 
composition  of  minerals  control  their  sta- 
bilities is  exemplified  in  the  layered  hy- 
drated  silicates.  Chlorite,  with  a  basic 
layer  14  A  thick,  is  stable  to  higher  tem- 
peratures than  serpentine,  which  has  a 
basic  layer  7  A  thick.  Yoder  showed  some 
time  ago  that  the  synthesis  of  magnesian 
chlorite  started  with  the  growth  of  the 
serpentine  crystal  structure,  which  would 
invert  to  the  chlorite  structure  with  fur- 
ther treatment  at  appropriate  temperatures 
and  pressures.  Turnock  has  now  found 
the  same  behavior  in  iron  chlorites  and 
has  related  it  to  natural  occurrences  of 
chamosites.  It  is  interesting  that  this  fine- 
grained mineral,  which  is  a  product  of 
chemical  precipitation  in  shallow  water, 
occurs  as   (1)   the  7  A  layered  structure, 


(2)  a  mixture  of  the  7  and  14  A  structures, 
and  (3)  the  14  A  layered  structure.  The 
appearance  of  the  14  A  chlorite  structure 
can  be  related  to  metamorphism  of  the 
greenschist  facies.  The  synthesis  of  iron 
chlorites  is  thus  analogous  to  the  formation 
and  metamorphism  of  chamosites. 

Tilton  and  Davis  have  continued  to  ex- 
ploit the  opportunities  implicit  in  the  ex- 
istence of  the  five  independent  nuclear 
age-dating  methods.  Earlier  it  was  found 
that  under  undisturbed  conditions  all  five 
clocks  recorded  the  same  age  for  ancient 
rocks.  Later  it  was  found  that  during 
mountain  building  some  of  the  clocks  are 
more  readily  reset  than  others.  A  new 
use  of  the  potentialities  of  the  dating 
schemes  has  established  the  role  of  long- 
term  diffusion  as  a  process  leading  toward 
discordant  ages.  The  differential  losses  of 
Pb207  and  Pb206  can  be  calculated  for 
diffusion  processes  and  the  predicted  pat- 
tern of  age  discordances  compared  with 
those  actually  observed.  Analysis  of  dis- 
cordant age  data  from  several  areas  indi- 
cates that  long-term  diffusion  played  an 
important  role  in  causing  discordant 
uranium-lead  ages,  but  that  such  a  process 
is  of  less  importance  in  determining  the 
other  age  values.  The  application  of  this 
new  information  promises  to  play  a  promi- 
nent part  in  resolving  problems  that  have 
arisen  concerning  the  lack  of  agreement  of 
ages  obtained  from  zircon  with  those  ob- 
tained from  micas. 

Naturally  occurring  organic  matter  is 
known  to  possess  a  C12/C13  ratio  different 
from  inorganic  matter  such  as  limestone. 
Abelson  and  Hoering  are  exploring  the 
isotope  fractionation  processes  involved, 
by  growing  algae  in  the  laboratory  and 
making  carbon  isotope  ratio  measure- 
ments on  components  of  the  algae,  includ- 
ing amino  acids  and  specific  carbon  atoms 
in  these  compounds.  They  have  found 
that  the  isotope  ratio  is  different  in  the 
various  entities  examined  and  suggest  that 
carbon  dioxide  enters  the  organisms  by 
more  than  one  pathway. 

Understanding  of  the  formation  of  ore 
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deposits  has  been  retarded  by  lack  of 
chemical  evidence  for  appreciable  solu- 
bilities of  the  sulfide  ore  minerals  under 
geologically  reasonable  conditions.  Barnes 
has  now  observed  that  as  much  as  2.7 
grams  of  ZnS  can  be  dissolved  at  /?H  8.2 
in  a  liter  of  5.7  mole  fraction  HS"  solution. 

The  minerals  digenite  (CugSs)  and 
bornite  (Cu5FeS4)  are  common  and  wide- 
spread in  numerous  copper  deposits  and 
occur  under  a  wide  variety  of  geological 
conditions.  These  minerals  frequently 
occur  together  and  form  solid  solutions 
with  each  other.  Kullerud  has  shown  that 
this  mineral  pair  forms  a  complete  series 
of  solid  solutions  above  350  °C.  The  gently 
sloping  solvus  appearing  at  this  tempera- 
ture has  been  determined  down  to  about 
100  °C  on  the  digenite  side  and  to  180  °C 
on  the  bornite  side.  Often,  where  the  two 
minerals  coexist  in  ores,  exsolution  lamellae 
of  bornite  occur  in  digenite  and  digenite 
lamellae  are  observed  in  bornite.  The 
composition  of  the  phases  at  the  time 
of  deposition  can  be  deduced  from  the 
amount  of  lamellae,  and  the  temperature 
of  formation  can  be  obtained  independ- 
ently from  the  digenite  as  well  as  from  the 
bornite  compositions.  This  solvus  is  of 
appreciable  importance  because  it  spans 
the  temperature  range  of  formation  of 
most  minerals  occurring  in  the  common 
Cu-Fe-S  ore  deposits. 

Detailed  studies  of  the  Fe-Ni-S  system 
by  Kullerud  and  L.  Clark  have  led  to 
a  synthesis  of  the  mineral  bravoite 
([Fe,Ni]S2).  This  mineral  occurs  in 
numerous  localities  and  always,  to  judge 
from  the  geological  setting,  has  been  de- 
posited at  low  temperatures,  probably  not 
higher  than  about  200 °C.  Earlier  it  was 
found  that  in  the  dry  system  bravoite 
could  not  be  readily  synthesized  at  tem- 
peratures as  low  as  200  °C. 

However,  bravoite  was  synthesized  be- 
low 260  °C  in  aqueous  poly  sulfide  solu- 
tions. Above  260  °C  the  minerals  pyrite 
(FeS2)  and  vaesite  (NiS2)  form  in  agree- 
ment with  the  phase  relations  obtained  in 
the  dry  system. 


Although  a  number  of  sulfide  geo- 
thermometers  are  now  available  the  con- 
fining pressures  that  prevail  during  ore 
deposition  are  not  known  with  any  cer- 
tainty. L.  Clark  has  found  that  variations 
in  confining  pressure  cause  relatively  large 
shifts  in  position  of  the  unusually  shaped 
T-X  stability  field  of  arsenopyrite  (FeAsS). 
This  observation  permits  determination 
of  confining  pressures  prevalent  during 
emplacement  of  many  sulfide  bodies. 

A  high-temperature  X-ray  diffraction 
study  by  Yund  has  shown  that  Cu2S 
(chalcocite)  exists  in  a  cubic  modification 
which  is  miscible  in  all  proportions  with 
digenite  and  bornite  at  700  °C.  Further- 
more, the  assemblage  bornite-pyrrhotite, 
previously  believed  to  be  unstable,  was 
found  to  be  stable  at  700  °C. 

A  significant  advance  in  the  study  of 
metastable  phases  and  their  relation  to 
polymorphic  transformations  in  sulfide 
minerals  is  provided  by  Morimoto's  X-ray 
structural  analysis  of  single  crystals  of  the 
digenite-bornite  solid  solution  series. 
Metastable  phases  formed  on  rapid  cooling 
are  composed  of  domains  of  low  symmetry. 
These  domains  are  in  a  twin  relation  and 
collectively  give  a  diffraction  aspect  of 
higher  symmetry.  Subsequent  ordering  of 
the  metal  atoms  gives  rise  to  the  stable, 
low-temperature  polymorphs. 

An  attempt  to  understand  the  structural 
mechanism  of  high-order  transitions  has 
led  Gabrielle  Donnay  to  the  conclusion 
that  a  mixed  crystal  is  not  a  homogeneous 
edifice.  Some  unit  cells,  solute  cells,  must 
be  present  which  differ  chemically  and 
structurally  from  the  solvent  cells.  For 
instance,  in  nepheline  of  composition,  say, 
Nas.gKo.iAleSieOiM,  for  every  nine  cells 
containing  only  sodium  ions  there  must 
be  one  that  contains  one  potassium  and 
Rye  sodium  ions.  Six  distinct  types  of 
solute  cells  are  conceivable.  Presumably  in 
all  cells,  solvent  as  well  as  solute,  the  sili- 
con-aluminum framework  substructure  is 
essentially  the  same,  and  the  more  potas- 
sium ions  present,  the  higher  will  be  the 
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strain  energy  of  the  solute  cells.  When 
enough  solute  cells  are  present,  the  frame- 
work substructure  suddenly  switches  over 
to  a  new  configuration — the  transition 
takes  place. 

A  large  part  of  scientific  inquiry  is  aimed 
at  establishing  whether  or  not  two  or  more 
variables  of  a  given  complex  assemblage — 
for  example,  birth  weight  and  growth  rate 
of  organisms,  index  of  refraction  and 
specific  gravity  of  glasses,  hardness  and 
chemical  composition  of  alloys — are  re- 
lated in  some  nonrandom  fashion.  In 
numerical  analysis  this  inquiry  takes  the 
form  of  calculation  of  total  or  partial  cor- 
relations, followed  usually  by  tests  of  their 


significance  against  the  alternative  of  zero 
correlation  in  the  underlying  parent  popu- 
lation. If,  however,  the  sum  of  the  varia- 
bles in  each  item  of  a  sample  is  a  constant, 
the  same  for  all  items,  the  assumptions 
basic  to  correlation  analysis  are  invalid. 
During  the  past  few  months  Chayes  has 
studied  correlation  statistics  in  these 
"closed  arrays."  From  the  fact  that  each 
line  of  the  covariance  matrix  of  such  an 
array  sums  to  zero — a  consequence  of  a 
simple  algebraic  identity — he  has  reached 
a  number  of  stimulating  and  potentially 
useful  conclusions  applicable  to  statistical 
analysis  of  data  obtained  in  every  branch 
of  experimental  science. 


MINERALS  OF  THE  MANTLE 

F.  R.  Boyd  and  J.  L.  England 


The  region  from  the  base  of  the  earth's 
crust  down  to  a  depth  of  approximately 
900  kilometers  in  the  mantle  is  the  site  of 
a  number  of  incompletely  understood  geo- 
logical processes.  Many  earthquakes  origi- 
nate in  this  zone,  and  the  basaltic  lavas 
erupted  in  the  ocean  basins,  and  perhaps 
also  continental  areas,  have  formed  by 
local  melting  in  the  upper  part  of  the 
mantle.  Seismic  studies  indicate  that  the 
rocks  in  the  mantle  undergo  a  major 
change  in  composition  or  mineralogy  be- 
ginning at  a  depth  variously  estimated  as 
200  to  400  kilometers.  Techniques  now 
being  developed  for  chemical  and  physi- 
cal studies  at  very  high  pressures  and 
temperatures  are  providing  data  on  min- 
eral systems  under  conditions  equivalent 
to  those  present  in  the  mantle.  These  data 
will  give  geologists  an  increasingly  better 
understanding  of  the  nature  and  structure 
of  the  earth  below  the  base  of  the  crust  and 
of  the  processes  that  take  place  in  this 
region. 

Rocks  formed  in  the  mantle  have  only 
rarely  been  erupted  into  the  accessible 
parts  of  the  crust  in  crystalline  form.  The 
primary  minerals  in  diamond-bearing 
kimberlite  intrusions  are  probably  the 
most  reliable  samples  of  the  upper  mantle. 


These  minerals  include  principally  olivine, 
ortho-  and  clinopyroxene,  pyrope,  and 
phlogopite.  Studies  of  phase  relations 
among  some  of  these  minerals  at  pressures 
and  temperatures  present  in  the  upper 
mantle  are  described  below. 

Synthesis  of  Diamond 

High-pressure  research  in  many  scien- 
tific fields  was  stimulated  in  1955  by  the 
announcement  of  the  synthesis  of  dia- 
monds by  Bundy,  Hall,  Strong,  and 
Wentorf  at  the  General  Electric  Company. 
The  inversion  of  graphite  to  diamond 
has  important  geological  implications  as 
well  as  industrial  significance,  and  in  the 
last  two  years  we  have  made  a  number  of 
runs  in  the  diamond  stability  field  using 
such  starting  materials  as  graphite  and 
anthracite.  The  results  of  these  runs  were 
uniformly  negative.  Last  fall  the  details 
of  the  process  developed  at  the  General 
Electric  Company  were  released  (Boven- 
kerk  et  al.,  1959),  and  it  became  apparent 
that,  in  addition  to  very  high  pressures 
and  temperatures,  a  metal  catalyst  has  been 
required  to  induce  the  crystallization  of 
diamonds  in  the  laboratory.  We  then  suc- 
cessfully synthesized  diamonds  using  the 
cell  shown  in  figure  1. 
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This  cell  was  subjected  to  a  pressure  of 
75  kilobars  and  heated  electrically  to  fuse 
the  nickel  end  plugs  at  their  contacts  with 
the  graphite  rod,  using  the  two-stage  ap- 
paratus described  in  Year  Book  57  (p.  172). 
The  diamonds  formed  as  drusy  aggregates 
of  crystals  on  the  nickel  plugs.  Crystalliza- 
tion of  diamond  takes  place  in  this  type 
of  cell  in  less  than  5  minutes.  This  is  evi- 
dent during  a  run,  since  the  formation  of 
diamond  markedly  increases  the  electrical 
resistance  of  the  cell. 

The  diamonds  synthesized  are  black, 
and  individual  crystals  have  a  maximum 
size  of  about  0.1  mm.  A  photograph  of 
synthetic  diamonds  coating  a  nickel  plug 
is  shown  in  figure  2,  plate  1.   Cube  faces 
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Fig.  1.  Cell  used  to  synthesize  diamonds.  At 
high  pressure  the  nickel  plugs  are  partially  fused 
by  electrically  heating  the  graphite  rod.  Carbon 
diffuses  through  a  film  of  molten  nickel  and 
crystallizes  as  diamond  on  solid  nickel. 

predominate,  but  octahedral  faces  have 
been  observed.  The  cell  size  of  these  dia- 
monds has  been  determined  by  Morimoto 
using  single-crystal  methods  to  be  3.55 
±0.01  A. 

The  crystallization  of  natural  diamonds 
remains  a  puzzle,  since  they  have  formed 
in  a  matrix  of  silicates  and  oxides.  Un- 
combined  metals  have  not  been  reported 
to  occur  in  diamond-bearing  rocks.  It  may 
be  that  the  nucleation  of  diamonds  in  the 
earth  has  taken  place  over  lengths  of  time 
many  orders  of  magnitude  greater  than 
those  available  for  laboratory  runs.  It  is 
possible,  however,  that  future  studies  will 
reveal   that   diamonds    can   be   nucleated 


on  silicates  in  relatively  short  periods  of 
time. 

The  Fayalite-Fe2Si04:   Spinel   Transition 

Studies  of  the  effects  of  high  pressure  on 
the  rock-forming  silicates  have  shown  that 
minerals  of  a  group  including  quartz,  the 
alkali  feldspars,  and  the  feldspathoids 
transform  in  the  pressure  range  10  to  30 
kilobars  to  denser  minerals  or  mineral 
assemblages.  This  group  is  characterized 
by  crystal  structures  in  which  the  atoms 
are  arranged  in  relatively  open  networks. 
Those  of  another  group,  including  the 
olivines  and  pyroxenes,  have  much  denser 
structures,  and  these  minerals  are  stable 
in  the  forms  in  which  they  are  found  in 
the  earth's  crust  to  pressures  considerably 
in  excess  of  30  kilobars.  It  has  been 
anticipated  that  denser  forms  of  these  fer- 
romagnesian  silicates  would  be  found  in  a 
pressure  range  higher  than  30  kilobars  and 
that  the  expected  transformations  would 
be  of  geophysical  interest,  since  olivine  and 
pyroxene  are  believed  to  be  important 
constituents  of  the  upper  mantle. 

Bernal  (1936)  suggested  that  common 
olivine  might  invert  to  a  spinel-type  struc- 
ture at  high  pressure  and  that  this  inver- 
sion might  be  responsible  for  the  seismic 
discontinuity  in  the  upper  mantle,  for- 
merly called  the  20°  discontinuity.  Natural 
olivines  form  a  complete  solid  solution 
series  between  Mg2SiC>4  and  Fe2SiC>4,  but 
in  mantle  rocks  the  olivines  are  expected  to 
have  compositions  in  the  range  70  to  90 
per  cent  Mg2Si04.  Ring  wood  (1958)  suc- 
ceeded in  synthesizing  a  spinel  form  of 
the  Fe2Si04  end  member  (fayalite)  in  a 
squeezer  apparatus  and  located  the  transi- 
tion at  35  to  40  kilobars  at  600°  C.  A  spinel 
form  of  Mg2Si04  (forsterite)  has  not  yet 
been  synthesized,  but  Ringwood  (1958) 
and  Dachille  and  Roy  (1960)  have  pre- 
dicted that  forsterite  would  invert  to  a 
spinel  in  the  pressure  range  over  100  to 
150  kilobars. 

Ringwood's  synthesis  of  Fe2SiC>4  spinel 
has  been  confirmed  using  two-stage  ap- 
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paratus,  and  a  preliminary  point  on  the 
curve  at  60  kilobars  and  1500  °C  has  been 
obtained.  Additional  results  are  needed  to 
define  the  location  and  slope  of  the  curve 
accurately;  our  preliminary  point  together 
with  Ringwood's  data  indicates  that  the 
curve  has  a  positive  slope  that  is  concord- 
ant with  the  slopes  of  most  other  solid 
transitions,  and  shows  that  the  fayalite- 
Fe2Si04  spinel  inversion  is  in  about  the 
same  P-T  range  as  the  graphite-diamond 
transition. 

The  starting  materials  for  most  of  the 
runs  were  an  anhydrous  mixture  of  mag- 
netite, iron,  and  cristobalite  prepared  by 
decomposing  a  ferrous  oxalate  +  silica  mix 
in  iron  capsules  at  200 °C  in  a  nitrogen 
atmosphere.  After  decomposition,  the 
capsules  were  sealed  in  a  pellet  press  and 
placed  in  the  pressure  apparatus.  Yields 
of  100  per  cent  Fe2Si04  spinel  have  been 
obtained  in  1  hour  in  a  number  of  runs.  In 
one  run  at  approximately  1400  °C  and  65 
kilobars,  well  crystallized  synthetic  fayalite 
was  converted  completely  to  Fe2Si(>4  spinel 
with  a  grain  size  up  to  0.2  mm. 

The  Fe2Si04  spinel  obtained  is  strongly 
colored  greenish  yellow  to  greenish  brown 
and  is  slightly  magnetic.  The  ferric  iron 
content  is  not  precisely  known  but  pre- 
sumed to  be  small  since  the  spinel  was 
synthesized  at  high  temperature  in  equi- 
librium with  metallic  iron.  Oxides  of  iron 
were  not  obtained  in  these  runs.  The  mag- 
netic nature  of  the  spinel  might  be  due 
to  fine  inclusions  of  metallic  iron. 

Cell  sizes  for  two  samples  of  the  Fe2SiC>4 
spinel  were  determined  to  be  8.234  and 
8.233  A.  These  determinations  are  in  good 
agreement  with  Ringwood's  value  (1958, 
p.  24)  of  8.235  A. 

A  few  runs  have  been  made  on  the  join 
Fe2Si04-Mg2Si04  at  approximately  75 
kilobars  and  1300  °C.  The  composition 
10Mg2SiO4-90Fe2SiO4  (weight  per  cent) 
crystallized  to  a  mixture  of  spinel  and 
olivine.  The  cell  size  of  the  spinel  is 
8.227  A.  Estimates  of  the  cell  size  of 
Mg2SiC>4  spinel  vary  widely  from  8.06  A 
(Ringwood,    1958,    p.    20)     to    8.22    A 


(Dachille  and  Roy,  1960,  p.  230).  Using 
Ringwood's  estimate,  the  composition  of 
the  spinel  obtained  in  this  run  would  be 
about  4Mg2Si04-96Fe2Si04  (weight  per 
cent).  Runs  on  compositions  richer  in 
MgSi04  than  10  weight  per  cent  have 
yielded  only  olivine. 

Extension  of  the  presently  available  pres- 
sure range  will  be  necessary  to  provide 
definitive  results  on  the  join  Mg2Si04- 
Fe2Si04.  Nevertheless,  the  existence  of 
Fe2Si04  spinel  at  high  pressures  is  further 
evidence  for  a  spinel  inversion  in  natural 
olivines,  and  estimates  of  the  pressure  at 
which  natural  olivines  might  be  expected 
to  invert  to  spinel  show  an  interesting  cor- 
relation with  seismic  data. 

Aluminous  Enstatite 

The  proportions  of  phases  found  among 
the  breakdown  products  of  pyrope  (Year 
Book  58,  p.  83)  suggested  that  orthopyrox- 
ene  crystallized  at  high  pressure  and 
temperature  can  dissolve  large  amounts  of 
Al203.  The  composition  of  pyrope  lies  on 
the  join  MgSi03-Al203,  and  a  study  has 
been  made  of  this  join  to  determine  the 
solubility  of  alumina  in  enstatite  and  to 
clarify  the  phase  relations  among  the 
pyrope  breakdown  products.  The  signifi- 
cance of  aluminous  enstatite  goes  beyond  a 
better  understanding  of  the  pyrope  reac- 
tion since  the  enstatites  found  in  rocks  be- 
lieved to  have  formed  at  high  pressures 
are  characteristically  rich  in  alumina  rela- 
tive to  enstatites  from  low-pressure  en- 
vironments. Eskola  (1952),  Hess  (1952), 
and  others  have  noted  this  fact,  and  there 
is  a  possibility  that  a  useful  relationship 
between  pressure  and  the  solubility  limit  of 
Al203  in  enstatite  can  be  established.  The 
results  described  below  show  that  at  least 
14  and  perhaps  up  to  19  weight  per  cent 
Al203  can  be  dissolved  in  MgSi03.  These 
data  likewise  suggest  a  variation  in  the 
Mg/Si  ratio  in  orthopyroxene  which  also 
appears  to  be  present  in  natural  enstatites. 

Orthoenstatite  is  the  only  polymorph  of 
MgSi03  encountered  in  runs  above  10  kilo- 
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bars  at  temperatures  up  to  at  least  1500  °C. 
The  complicated  polymorphism  of  MgSi03 
found  in  runs  at  atmospheric  pressure 
seems  to  be  eliminated  by  high  pressure. 

X-ray  data  for  a  series  of  compositions 
along  the  join  MgSi03-Al203  are  shown 
in  figure  3.  These  were  all  crystallized  at 
1400° C  and  18.2  kilobars,  a  temperature 
slightly  less  than  that  required  to  produce 
melting  and  a  pressure  slightly  less  than 


and  measurements  along  curve  B  can  be 
extended  to  run  compositions  richer  in 
AI2O3. 

Two  inflections  appear  in  these  curves, 
one  at  a  run  composition  of  HAI2O3- 
86MgSi03  and  the  other  at  about  22A1203- 
78MgSi03  (weight  per  cent).  In  curve 
A  the  latter  inflection  appears  at  22  per 
cent  AI2O3,  and  in  curve  B  at  20  per  cent 
Al2Os;  the  data  of  curve  A  are  preferred, 


0.30 


0.20 


MgSi03  -Al20 


T=I400°C 
P= 18.2  kilobars 


•\s 


-ORTHOENSTATITE - 


,_  ORTHOENSTATITE  +_ 
SAPPHIRINE 


o 


TT 


orthoenstatite + 

SAPPHIRINE  + 
SILLIMANITE 


1 


_1_ 


MgSiOj 


8         10        12        14        16        18 

Weight  per  cent  AI2O3  in  run 


20     22     24 


26       28       30       32 


Pyrope  composition 


Fig.  3.  Shifts  of  orthoenstatite  reflections  with  variation  in  Al2Os  content  along  the  join 
MgSi03-Al003.  Each  curve  shows  the  variation  in  A20  between  two  orthoenstatite  reflections.  The 
29  values  of  these  reflections  for  pure  MgSiOs  are  42.73°  and  43.10°  (B),  62.60°  and  63.28°  (A). 


that  at  which  pyrope  appears.  The  points 
shown  on  curves  A  and  B  are  the  difference 
in  20  measured  for  two  sets  of  orthoensta- 
tite reflections.  In  each  set  one  reflection 
shifts  markedly  with  variation  in  A1203 
content  while  the  other  shifts  only  slightly. 
With  this  technique  a  substance  is  used  as 
its  own  internal  standard.  The  20  values 
for  these  two  sets  of  reflections  for  pure  or- 
thoenstatite are  42.73°  and  43.10°,  62.60° 
and  63.28°.  In  curve  A  the  shift  with  A1203 
content  is  about  twice  as  large  as  in  curve 
B,  but  one  of  the  reflections  used  for  curve 
A  is  subject  to  interference  by  sapphirine 


but  the  difference  is  a  measure  of  the 
precision  of  the  X-ray  measurements.  From 
0  to  14  per  cent  A1203  the  runs  contain 
only  orthoenstatite  and  the  X-ray  reflec- 
tions shift  linearly  with  A1203  content. 
Between  14  and  22  per  cent  A1203  sap- 
phirine appears  with  enstatite  but  the 
composition  of  the  enstatite  continues  to 
change.  For  run  compositions  richer  in 
A1203  than  about  22  per  cent,  sillimanite  1 

1  The  amount  of  sillimanite  obtained  in  these 
runs  is  too  small  to  detect;  its  presence  is  inferred 
from  a  study  of  other  compositions  in  MgO- 
Al203-Si02  at  the  same  temperature  and  pres- 
sure. 
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is  present  along  with  sapphirine  and  ensta- 
tite  and  the  composition  of  the  enstatite  is 
invariant. 

The  reproducibility  of  these  results  was 
checked  by  quadrupling  the  length  of  runs. 
Increasing  the  time  from  4  to  16  hours  did 
not  significantly  change  the  values  ob- 
tained. 

These  data  suggest  that  orthoenstatite  is 
subject  to  a  variation  in  Mg/Si  ratio  as 
well  as  AI2O3  content  at  high  temperatures 
and  pressures.  The  join  MgSi03-Al203 
is  believed  to  traverse  a  field  of  ortho- 
enstatite solid  solution  out  to  14  per  cent 
AI2O3,  then  cross  a  two-phase  field  consist- 
ing of  enstatite  with  variable  Mg,  Si,  and 
A1  +  sapphirine,  and  at  a  run  composition 
of  about  22  per  cent  AI2O3  enter  a  three- 
phase  field  with  enstatite  of  invariant 
composition  +  sapphirine  +  sillimanite.  If 
the  variation  of  Mg/Si  ratio  does  not  sig- 
nificantly affect  the  X-ray  reflections  used, 
the  alumina  content  of  the  enstatites  in 
equilibrium  with  sapphirine  +  sillimanite 
can  be  seen  to  be  approximately  19  per 
cent. 

From  these  data  a  rough  value  can  be 
obtained  for  the  magnitude  of  the  varia- 
tion in  Mg/Si  ratio.  The  deviation  of  the 
enstatite  compositions  from  the  join 
MgSi03-Al203  in  these  runs  must  be  in 
the  direction  of  an  excess  of  Si02.  Graphi- 
cal analysis  suggests  that  the  atomic  ratio 
Mg/Si  will  have  a  minimum  value  of 
about  0.94,  compared  with  1.00  for  compo- 
sitions on  the  join. 

Data  similar  to  those  in  figure  3  have 
not  yet  been  obtained  for  the  join  MgSi03- 
AI2O3  at  lower  pressures.  The  available 
information  suggests  that  the  solubility 
limit  of  alumina  in  enstatite  is  much  less 
than  14  to  19  per  cent  at  atmospheric 
pressure  and  in  the  hydrothermal  pressure 
range.  Hence,  the  high  solubility  indicated 
by  the  data  in  figure  3  is  believed  to  be 
largely  an  effect  of  high  pressure. 

The  solubility  limit  found  in  these  runs 
is  approximately  twice  that  thus  far  found 
in  natural  enstatites.  The  alumina  contents 
of  enstatites  from  a  variety  of  rock  types 


are  shown  in  figure  4.  The  maximum 
amount  of  AI2O3  soluble  in  an  enstatite  at 
a  given  pressure  and  temperature  will 
be  obtained  only  if  the  host  rock  is  suffi- 
ciently aluminous.  Enstatites  from  volcanic 
and  plutonic  igneous  rocks  have  alumina 
contents  ranging  from  0.5  to  3.5  weight 
per  cent.  These  have  probably  crystallized 
at  relatively  low  pressures,  at  moderate 
depths.  Enstatites  from  ultramafic  inclu- 
sions in  basalt  have  alumina  contents 
that  are  significantly  higher,  ranging  from 
2.0  to  5.5  per  cent  AI2O3.  These  inclusions 
generally   consist   of  olivine,  orthopyrox- 
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Fig.  4.  Al2Os  contents  of  orthopyroxenes  from 
a  range  of  geologic  environments.  These  analyses 
were  collected  from  Eskola  (1952);  Fenner 
(1938);  Groves  (1935);  Hess  (1952);  Hess  and 
Phillips  (1938);  Howie  and  Subramaniam 
(1957);  Kuno  (1954);  Ross,  Foster,  and  Myers 
(1954);  and  Brown  (1957). 

ene,  augite,  and  a  chrome  spinel,  and 
some  geologists  believe  that  they  have  been 
erupted  in  suspension  in  basalt  from  below 
the  Mohorovicic  discontinuity  (e.g.,  Ross, 
Foster,  and  Myers,  1954).  Enstatites  from 
granulites  tend  to  be  richer  in  alumina 
than  in  other  rock  types;  they  range  up 
to  about  9.5  per  cent  AI2O3.  The  fact  that 
some  enstatites  from  granulites  have 
higher  alumina  contents  than  the  range 
found  for  ultramafic  inclusions  in  basalt 
does  not  necessarily  mean  that  they  have 
formed  at  higher  pressures.  Some  granu- 
lites are  metamorphosed  aluminous  sedi- 
ments, and  these  provide  a  chemical  en- 
vironment favorable  for  saturation  of  the 
enstatite     with     alumina.      Nevertheless, 
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granulites  commonly  contain  pyrope-rich 
garnets  which  indicate  high  lithostatic 
pressure.  Cordierite,  which  has  been  found 
to  break  down  at  high  pressure  in  the 
laboratory,  is  sometimes  replaced  in 
granulites  by  the  assemblage  enstatite  + sil- 
limanite +  quartz  (Eskola,  1952,  p.  162). 
Granulites  have  evidently  formed  at  great 
depth,  and  the  presence  of  aluminous 
enstatites  in  them  is  consistent  with  the 
presence  of  other  high-pressure  features. 

It  might  be  expected  that  enstatites  from 
kimberlites  formed  in  association  with 
pyrope  and  diamond  would  be  particularly 
rich  in  alumina,  but  analytical  data  on 
these  enstatites  are  as  yet  very  sparse. 

Natural  enstatites  also  seem  to  show  a 
significant  variation  in  the  ratio  of  divalent 
cations  to  silicon.  Fenner  (1938,  p.  376) 
and  Hess  and  Phillips  (1938,  p.  454)  have 
noted  that  some  enstatites  have  a  deficiency 
of  silica.  This  variation  is  in  a  direction 
opposite  to  that  found  in  the  runs  reported 
above.  The  R+2/Si  ratio  in  35  2  of  the  37 
analyses  used  in  figure  4  ranges  from  1.079 
to  0.953.  The  minimum  ratio  for  the 
natural   enstatites   is    thus   approximately 

2  Two  analyses  by  Groves  have  R+2/Si  ratios 
sufficiently  less  than  the  range  established  by  the 
others  to  suggest  contamination  by  quartz. 


that  found  for  the  runs  described  above 
(0.94).  The  variation  from  1.000  is  suffi- 
ciently great  in  many  of  the  analyses  to 
seem  outside  reasonable  analytical  error. 
This  conclusion  can  be  tested.  If  there  is 
a  significant  variation  from  the  theoretical 
ratio,  its  direction  should  depend  on 
whether  the  enstatite  crystallized  in  a 
silica-saturated  or  silica-undersaturated  en- 
vironment. Enstatites  that  have  formed 
with  olivine  should  have  R+2/Si  ratios 
greater  than  1.000,  whereas  those  that  have 
formed  with  quartz  should  have  ratios 
less  than  unity.  Thirteen  of  the  enstatites 
in  figure  4  are  from  olivine-bearing  rocks, 
and  twelve  of  these  have  R+2/Si  ratios 
greater  than  unity.  The  single  exception 
is  a  hypersthene  from  an  olivine  andesite 
(Kuno,  1954,  no.  7).  Nine  of  the  remain- 
ing enstatites  have  formed  in  association 
with  quartz  or  as  phenocrysts  in  dacite 
in  association  with  a  siliceous  liquid.  All 
of  these  have  R+2/Si  ratios  equal  to  or  less 
than  unity,  falling  in  the  range  0.968  to 
1.002. 

These  considerations  suggest  that  both 
natural  and  synthetic  enstatites  are  subject 
to  a  compositional  variation  not  explained 
by  currently  understood  ionic  substitu- 
tions. 


KYANITE-SILLIMANITE  EQUILIBRIUM 
S.  P.  Clark.,  Jr. 


Kyanite  and  sillimanite  are  widespread 
minerals  in  metamorphic  rocks.  One  of 
the  classic  metamorphic  isograds  is 
marked  by  the  appearance  of  sillimanite, 
and  disappearance  of  kyanite,  from  the 
rocks.  These  minerals  have  the  theoreti- 
cal composition  ALSiOs,  and  chemical 
analyses  show  that  in  nature  they  ap- 
proach the  ideal  composition  remark- 
ably closely.  This  implies  that  equilibrium 
between  these  phases  depends  only  on 
temperature  and  total  pressure,  and  not 
on  such  factors  as  bulk  composition  of 
the  rock  or  partial  pressures  of  volatile 
components.  Hence,  once  the  phase  dia- 
gram  has   been   determined,   it   can    im- 


mediately be  applied  to  natural  occur- 
rences of  these  minerals,  a  feature  that  sets 
this  chemical  system  apart  from  almost 
all  others. 

Despite  its  chemical  simplicity,  this 
system  has  proved  rather  difficult  to  handle 
experimentally  because  of  the  sluggish- 
ness of  the  reaction.  In  a  previous  study 
(Clark,  Robertson,  and  Birch,  1957)  it 
was  found  that  the  temperatures  necessary 
for  reaction  to  take  place  in  a  reasonable 
time  were  uncomfortably  close  to  the  maxi- 
mum attainable  in  the  apparatus.  Equip- 
ment failures  limited  the  number  of  suc- 
cessful runs  and  the  closeness  with  which 
the  reversibility  of  the  reaction  was  demon- 
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strated.  The  single-stage  apparatus,  de- 
scribed by  Boyd  and  England  two  years 
ago  (Year  Book  57),  is  easily  capable  of 
attaining  the  required  conditions,  and  be- 
cause of  the  great  penological  importance 
to  the  system  it  was  thought  advisable 
to  re-examine  it  in  this  apparatus. 

A  second  reason  for  repeating  the  work 
is  connected  with  the  calibration  of  the 
single-stage  apparatus.  In  the  earlier  study, 
pressure  was  transmitted  to  the  specimen 
with  nitrogen,  and  it  was  directly  meas- 
ured by  the  change  in  resistance  of  a  coil 
of  manganin  wire.  In  the  single-stage 
equipment  the  pressure  is  calculated  from 
the  force  applied  to  the  piston,  with  al- 
lowance for  friction  determined  from  low- 
temperature  calibrations.  Re-examination 
of  kyanite-sillimanite  equilibrium  can 
lead  to  increased  confidence  in  both  the 
calibration  of  the  single-stage  apparatus 
and  the  essential  correctness  of  the  earlier 
work. 

In  the  present  work  the  pressure-trans- 
mitting medium  is  a  sleeve  of  talc.  The 
pressure  at  the  sample  was  determined  by 
reducing  the  pressure  calculated  from  the 
load  on  the  piston  by  8  per  cent,  in  agree- 
ment with  the  practice  followed  by  Boyd 
and  England.  The  equilibrium  curve  be- 
tween kyanite  and  sillimanite  was  de- 
termined using  as  reactants  natural  an- 
dalusite,  kyanite,  and  sillimanite,  and 
metakaolinite  prepared  by  firing  Georgia 
kaolinite  overnight  at  600  °C. 

Experimental  results  are  shown  in 
figures  5  and  6.  The  phase  boundary  in 
the  two  figures  is  the  same  line,  indicating 
that  the  equilibrium  curve  established  by 
the  synthesis  experiments  shown  in  figure 
5  is  reversible  to  within  1  kilobar.  This 
implies  that  the  location  of  the  phase 
boundary  does  not  depend  on  the  nature  of 
the  reactant. 

Present  results  are  compared  with  those 
obtained  previously  (Clark,  Robertson, 
and  Birch,  1957)  in  figure  7.  The  agree- 
ment is  within  1  kilobar  in  the  common 
experimental  range,  between  1000°  and 
1300  °C.  The  discrepancy  would  be  smaller 


if  the  correction  for  friction  in  the  present 
experiments  were  reduced,  but  such  a  re- 
adjustment is  not  demanded  by  these  re- 
sults. The  discrepancy  could  equally  well 
be  attributed  to  indifference  on  the  part 
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Fig.  5.  Syntheses  of  kyanite  and  sillimanite. 
Reactants  were  andalusite  (circles),  metakaolinite 
(squares),  or  seeded  metakaolinite  (crosses  and 
pluses).  Solid  symbols  mean  kyanite  was  pro- 
duced; open  symbols  mean  sillimanite;  and  sym- 
bols with  a  diagonal  line  mean  both.  A  plus 
signifies  the  growth  of  kyanite  and  a  cross  the 
growth  of  sillimanite. 
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Fig.  6.  Reversals  of  the  kyanite-sillimanite 
reaction.  Solid  circles,  sillimanite  — >  kyanite;  solid 
squares,  kyanite— >  sillimanite;  open  squares,  ky- 
anite — »  kyanite. 

of  the  system.  This  is  borne  out  by  the 
results  of  synthesis  experiments  made  close 
to  the  equilibrium  curve.  Both  kyanite 
and  sillimanite  persisted  in  these  runs,  in- 
dicating that  small  gradients  of  pressure 
and  temperature  were  present  and  that 
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the  aluminosilicates,  once  formed  near 
their  field  of  stability,  are  reluctant  to 
disappear. 

It  is  presumed  from  natural  occurrences 
of  these  minerals  that  a  triple  point  be- 
tween andalusite,  kyanite,  and  sillimanite 
exists  at  temperatures  and  pressures  below 
those  of  the  present  experiments.  No 
account  was  taken  of  the  andalusite  field 
in  drawing  figure  7,  and  the  curves  shown 
there  represent  metastable  equilibrium  be- 
low the  pressure  and  temperature  of  the 
triple  point. 
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Fig.  7.  Comparison  with  previous  results. 
Curves  A  and  B  are  from  Clark,  Robertson,  and 
Birch  (1957). 

In  a  few  experiments  kaolinite  rather 
than  metakaolinite  was  used  as  a  reactant, 
and  in  others  a  small  amount  of  water 
was  added  to  kyanite  or  sillimanite  in  an 
effort  to  catalyze  reaction.  In  all  these 
experiments  corundum  plus  glass  was  pro- 
duced at  temperatures  above  1000°C.  It 
appears  that  kyanite  and  sillimanite  melt 
incongruently  in  the  presence  of  water; 
this  is  consistent  with  the  observations  of 
Yoder  and  Schreyer  at  lower  pressures 
(Year  Book  58,  p.  134).  The  present  data 
do  not  determine  the  melting  relations 
accurately,  because  the  water  pressure  is 
not  known.    It  is  clear  that  some  of  the 


water  initially  present  remains  with  the 
charge  throughout  the  run,  but  it  cannot 
be  established  that  no  leaking  occurred. 

The  slope  of  the  phase  boundary  be- 
tween 1000°  and  1500 °C  is  13.1  bars/ 
degree.  The  slope  at  room  temperature 
calculated  from  Clapeyron's  equation  is 
21.6  bars/degree,  taking  Todd's  (1950) 
values  for  entropy  and  5.70  cm3/mole  for 
the  volume  change  of  the  reaction  (Clark, 
Skinner,  and  Appleman,  this  report).  No 
explanation  of  the  curvature  indicated  by 
these  data  can  be  found  in  the  thermal 
expansions  of  kyanite  and  sillimanite,  and 
it  is  highly  unlikely  that  a  change  in 
slope  of  such  a  large  amount  could  result 
from  the  difference  in  compressibility  of 
these  phases.  This  leaves  heat  capacities 
to  account  for  the  indicated  curvature, 
and  in  fact  old  calorimetric  data,  of  ques- 
tionable accuracy,  indicate  a  change  in 
slope  in  the  right  direction  and  of  roughly 
the  right  amount.  It  is  desirable  that  new 
measurements  of  heat  capacity  at  high 
temperatures  be  made  to  settle  this 
question. 

Any  curvature  of  the  phase  boundary 
that  may  take  place  below  the  range  of 
present  experiments  is  unlikely  to  have  a 
large  effect  on  its  position.  It  is  probable 
on  theoretical  grounds  that  most  of  the 
curvature  takes  place  at  low  temperatures, 
and  linear  extrapolation  of  the  experimen- 
tal data  should  be  accurate  to  within  a 
kilobar  or  so  at  temperatures  of  a  few 
hundred  degrees.  At  these  temperatures, 
a  pressure  of  about  10  kilobars  is  required 
for  the  stable  formation  of  kyanite. 

If  pressures  are  converted  to  depth  ac- 
cording to  the  usual  lithostatic  assumption 
it  is  found  that  kyanite  can  be  stably 
formed  only  near  the  base  of  a  "normal" 
sea-level  crust  (fig.  7).  Possibly  kyanite 
is  formed  at  great  depths  in  a  locally 
thickened  crust,  and  rocks  containing  this 
mineral  constitute  evidence  of  "fossil 
mountain  roots."  If  so,  one  must  be  pre- 
pared to  accept  vertical  movements  of  30 
kilometers  or  more,  i.e.  of  the  order  of 
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the  total  thickness  of  the  crust.  Such  move- 
ments are  much  larger  than  those  previ- 
ously envisioned  by  geologists. 

There  is  also  the  possibility  that  pressures 
higher  than  those  due  to  the  weight  of 
the  overburden  may  be  tectonically  pro- 
duced. It  is  doubtful  whether  the  strength 
of  the  overlying  rock  could  support  such 
excess  pressures  for  long,  but  a  few  thou- 
sand years  may  be  all  that  is  necessary. 
There  is  evidence  in  some  rocks,  the 
Ankolean  schists  of  Africa,  that  kyanite 
grew    during    tectonic    movements.     But 


such  examples  cannot  be  taken  to  imply 
that  all  the  kyanite  now  exposed  at  the 
surface  was  formed  under  such  conditions. 
Regardless  of  the  way  in  which  kyanite 
is  produced  in  nature,  its  stable  formation 
apparently  requires  pressure  of  10  kilobars 
or  more.  It  may  be  inferred  from  this 
that  pressures  in  this  range  are  commonly 
attained  during  metamorphism.  This  is 
considerably  more  pressure  than  most 
previous  investigators  have  assumed,  and 
it  indicates  the  need  of  substantial  revision 
of  ideas  about  the  metamorphic  process. 


LATTICE  PARAMETERS  AND  THERMAL  EXPANSION  OF  ANDALUSITE, 

KYANITE,  AND  SILLIMANITE 

S.  P.  Clar\,  Jr.,  B.  f.  Skinner,3  and  D.  E.  Appleman  3 


The  molar  volume  of  a  phase  or  an  as- 
semblage of  phases  is  one  of  its  fundamen- 
tal thermodynamic  properties.  The  equa- 
tion of  state  of  a  material  simply  expresses 
the  dependence  of  volume  on  pressure  and 
temperature.  In  a  univariant  equilibrium, 
the  slope  of  the  phase  boundary  is  related 
to  the  heat  of  reaction  and  the  change 
in  volume  through  Clapeyron's  equation, 
and  if  any  two  of  these  quantities  have 
been  measured  the  third  can  be  calculated. 
Alternatively,  if  all  three  quantities  are 
known  from  experiment,  Clapeyron's 
equation  provides  a  test  of  the  consistency 
of  the  data. 

It  often  happens  that  curves  of  univari- 
ant equilibrium  can  be  located  by  direct 
experiment  only  at  high  temperatures  and 
pressures.  It  may  be  desirable  to  know  the 
location  of  such  curves  under  less  extreme 
conditions,  and  the  validity  of  linear  ex- 
trapolation of  the  data  must  be  examined. 
The  dependence  of  the  volume  change  on 
temperature  and  of  the  entropy  change 
on  pressure  are  both  given  by  the  thermal 
expansion.  If  measurements  of  heat  ca- 
pacity and  compressibility  are  also  avail- 
able the  curvature  of  the  phase  boundary 
can  be  calculated. 

The  thermal  expansion  is  important  in 
its  own  right.  It  assumes  a  major  role  in 

3  U.  S.  Geological  Survey. 


most  theoretical  treatments  of  the  earth's 
interior,  and  yet  we  have  very  little  in- 
formation about  the  thermal  expansion  of 
silicates.  A  simple  Debye-Griineisen  model 
is  usually  assumed,  but  such  a  procedure 
would  be  much  more  convincing  if  it 
rested  on  a  sounder  observational  founda- 
tion. 

Despite  their  penological  importance,  it 
is  only  recently  that  accurate  X-ray  meas- 
urements have  been  made  on  the  poly- 
morphs of  Al2Si05.  In  the  present  work 
an  accuracy  of  0.1  per  cent  or  better  in  the 
measurements  of  volume  was  sought.  This 
leads  to  an  accuracy  of  1  per  cent  or  so  in 
the  differences  between  the  volumes  of  the 
different  polymorphs.  Since  none  of  these 
minerals  is  cubic,  the  thermal  expansion  is 
a  second-order  tensor.  Three  quantities  are 
required  to  specify  the  expansions  of  an- 
dalusite  and  sillimanite  completely,  and 
six  are  required  for  kyanite.  This  discus- 
sion, however,  will  be  limited  to  the  vol- 
ume expansion. 

Uncertainty  in  the  molar  volumes  can 
arise  from  real  variations  between  min- 
erals of  slightly  different  chemical  com- 
position from  different  localities,  as  well 
as  from  errors  of  measurement.  The  com- 
bined effect  of  these  errors  was  investi- 
gated by  measuring  the  volume  of  alu- 
minosilicates  from  a  number  of  localities. 
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The  variability  recorded  in  these  measure- 
ments may  be  an  indication  of  the  varia- 
tion in  the  volume  changes  of  reactions  be- 
tween the  aluminosilicates  in  nature. 

Lattice  parameters  of  sillimanites  from 
four  localities  were  measured  at  room  tem- 
perature. Axial  lengths  were  determined 
from  the  520,  250,  and  004  reflections,  and 
from  420,  240,  and  002  reflections.  The 
total  range  of  molar  volume  between  dif- 
ferent localities  was  0.25  per  cent.  Agrell 
and  Smith  (1960)  have  published  accurate 
lattice  parameters  of  sillimanite  from  four 
localities,  one  of  which  is  included  in  our 
study.  The  mean  of  their  molar  volumes 
differs  from  the  mean  of  ours  by  only  0.03 
per  cent. 

The  lattice  parameters  of  andalusites 
from  four  localities  were  determined  at 
room  temperature  from  the  301,  031,  002, 
and  004  reflections.  The  total  range  of 
molar  volumes  was  0.1  per  cent.  One 
sample  of  viridine  was  also  measured;  its 
X-ray  pattern  was  diffuse,  and  accurate 
values  could  not  be  obtained,  but  its  unit 
cell  is  about  3  per  cent  larger  than  the 
others.  Manganese  evidently  produces  a 
large  expansion  of  the  lattice. 

Kyanite,  being  triclinic,  could  not  be 
handled  in  the  same  way  as  the  other  poly- 
morphs. The  range  of  volumes  between 
different  localities  was  investigated  by 
measuring  the  d  values  of  the  500, 140,  and 
313  reflections.  These  reflections  were  cho- 
sen because  they  are  strong,  could  be  in- 
dexed unambiguously,  and  have,  succes- 
sively, relatively  large  values  of  h,  \,  and  /. 
That  the  range  of  d  values  was  less  than 
0.04  per  cent  for  each  reflection  is  taken  to 
mean  that  the  volume  ranges  through  less 
than  0.12  per  cent.  The  molar  volume  of 
one  of  the  samples  was  obtained  from  ac- 
curate precession  and  Weissenberg  photo- 
graphs. 

The  d  values  at  high  temperatures  were 
measured  relative  to  their  values  at  room 
temperature  on  a  focusing  diffractometer 
equipped  with  a  heating  j>tage.  For  kya- 
nite, six  reflections  (112,  3ll,l40,  411,  050, 
500)   were  measured,  and  the  six  lattice 


parameters  were  calculated  from  them. 
The  results  at  room  temperature  have  not 
been  adjusted  to  those  obtained  from  single 
crystals,  and  slight  revision  may  be  neces- 
sary. This  will  affect  the  volume  but  not 
the  thermal  expansion.  The  data  at  high 
temperatures  are  given  in  figure  8. 

Smoothing  of  the  measurements  of  vol- 
ume at  high  temperatures  was  required 
before  the  thermal  expansion  could  be  ob- 
tained. This  was  accomplished  by  fitting 
the  data  with  a  function  of  the  form 

V=A/T+B+CT+DT2 

where  V  is  volume  and  T  is  absolute  tem- 
perature. The  constants  A,  B,  C,  and  D 
were  found  by  least-squares  adjustment. 
This  functional  form  was  chosen  because 
it  has  been  shown  to  fit  the  volumes  of  a 
wide  variety  of  substances.  Once  the  con- 
stant terms  were  found,  the  thermal  ex- 
pansion could  be  obtained  by  differenti- 
ating the  function  analytically.  This  pro- 
cedure avoids  numerical  differentiation 
with  accompanying  magnification  of  ex- 
perimental error. 

The  above  numerical  procedure  did  not 
give  satisfactory  results  for  kyanite.  A 
least-squares  fit  led  to  a  negative  value  for 
the  constant  A.  The  resultant  thermal  ex- 
pansion passes  through  a  minimum  at 
about  300  °C,  and  both  these  results  are 
most  improbable.  The  use  of  the  above 
expression  for  the  volume  is  apparently 
invalid  for  kyanite  because  of  the  scatter 
in  the  experimental  data,  and  parabolic 
form,  with  A  set  equal  to  zero,  was 
adopted  instead.  The  standard  deviation 
of  a  single  observation  is  0.021  cm3/mole 
for  the  parabola,  compared  with  0.018 
cm3/mole  for  the  four-parameter  expres- 
sion. Hence  the  fit  to  the  data  is  practically 
unaffected  by  setting  A  equal  to  zero. 

Thermal  expansion  is  shown  as  a  func- 
tion of  temperature  in  figure  9.  The  curve 
for  andalusite  has  the  shape  expected  from 
Debye-Griineisen  theory,  with  the  thermal 
expansion  rising  rapidly  at  low  tempera- 
tures and  leveling  off  relatively  abruptly. 
This  behavior  of  the  thermal  expansion 
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Fig.  8.    Molar  volumes  of  andalusite,  kyanite,  and  sillimanite. 


cannot  be  shown  by  kyanite,  because  a 
parabolic  expression  was  assumed  for  its 
volume.  It  is  not  shown  by  sillimanite, 
despite  the  retention  of  the  term  in  A. 

The  failure  of  the  thermal  expansion 
of  kyanite  and  sillimanite  to  decrease  near 
room  temperature  does  not  necessarily  im- 
ply a  failure  of  Debye-Grtineisen  theory. 
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Fig.  9.    Thermal  expansion  of  andalusite,  ky- 
anite, and  sillimanite. 


The  quantity  that  is  actually  measured  is 
the  volume,  and  the  calculation  of  the 
temperature  dependence  of  the  thermal  ex- 
pansion from  these  data  requires  two  dif- 
ferentiations. Experimental  data  that  are 
accurate  enough  to  be  differentiated  once 
are  relatively  rare.  It  appears  that  volume 
data  of  accuracy  sufficient  to  give  good 
measurements  of  the  temperature  coeffi- 
cient of  the  thermal  expansion  cannot  be 
obtained  from  X-ray  measurements  in  the 
front-reflection  region,  even  for  cubic  ma- 
terials. 

Despite  our  failure  to  obtain  accurate 
estimates  of  the  temperature  coefficient  of 
the  thermal  expansion  of  kyanite  and  sil- 
limanite, it  is  satisfying  to  have  measured 
the  expansion  itself  with  high  precision. 
This  is  the  first  time,  to  our  knowledge, 
that  such  measurements  have  been  made 
on  a  triclinic  mineral. 
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WATER  PRESSURE  AND  TOTAL  PRESSURE  IN 
MET  AMORPHIC  ROCKS 

H.  J.  Greenwood 


The  pore  fluid  in  any  metamorphic  rock 
contains  more  than  one  component,  and 
if  the  rock  is  at  mechanical  equilibrium  the 
mineral  grains  will  sustain  the  same  pres- 
sure as  the  pore  fluid.  The  partial  pres- 
sures of  the  components  of  the  pore  fluid 
will  be  less  than  the  pressure  on  the  pore 
fluid,  and  thus  less  than  the  pressure  on  the 
mineral  grains.  Thermodynamic  theories 
have  been  developed  by  several  workers  to 
predict  the  influence  on  various  mineral 
equilibria  of  temperature,  pressure  on  the 
solid  phases,  and  "partial  pressure"  of  each 
volatile  component.  The  theories  indicate 
that  in  general  an  increase  of  pressure  on 
the  mineral  grains  will  displace  the  equi- 
librium to  lower  temperatures,  or  to  higher 
"partial  pressures"  of  water,  or  both.  This 
year  experiments  have  been  made  at  the 
Geophysical  Laboratory  on  the  stability  of 
analcite  in  the  presence  of  analyzed  mix- 
tures of  water  and  argon.  They  provide 
the  first  satisfactory  verification  of  the 
theoretical  predictions  and  supply  informa- 
tion on  the  500  °C  isotherm  for  the  system 
water-argon.  The  reaction 

2NaAlSi206  *  H2O^NaAlSi308  + 

analcite  albite 

NaAlSi04+2H20 

nepheline 

has  been  studied  in  the  presence  of  pure 
water  and  in  mixtures  of  water  and  argon. 
Instead  of  partial  pressure  it  is  some- 
times more  convenient  to  use  a  quantity 
called  the  "equilibrium  pressure"  (Gilles- 
pie, 1925),  which  applies  equally  well  to 
both  open  and  closed  systems.  The  "equi- 
librium pressure,"  Pep  of  component  i  in 
a  system  is  defined  as  the  pressure  on  the 
pure  component  which  is  at  the  tempera- 
ture of  the  system  and  which  has  the  same 
chemical  potential  as  that  component  in 
the  system.  The  advantage  of  the  term 
"equilibrium  pressure"  stems  from  the  fact 
that  it  is  rigorously  defined  for  any  system 


in  which  the  component  in  question  oc- 
curs, regardless  of  the  presence  or  absence 
of  a  fluid  phase  containing  the  component. 

In  systems  containing  a  single  volatile 
component,  for  example,  water,  which  is 
present  pure  as  a  separate  phase,  PeU20  is 
equal  to  the  gauge  pressure  on  the  sys- 
tem, and  is  also  equal  to  the  pressure  on 
the  solid  phases.  Systems  of  this  sort  have 
occupied  much  of  the  effort  of  experi- 
mentalists during  the  last  twenty  years, 
and  are  typified  by  the  "water-in-excess" 
hydrothermal  investigations.  The  conse- 
quences of  having  the  "rock  pressure" 
greater  than  the  Pe  of  one  or  more  of  the 
volatile  or  mobile  components  have  been 
considered  by  Danielsson  (1950),  Yoder 
(1952,  1955,  and  Year  Book  53,  p.  121), 
Thompson  (1955,  1957),  Harker  (1958), 
and  others. 

The  use  of  argon  to  dilute  the  water  in 
the  phase-equilibrium  studies  makes  it 
necessary  to  know  the  PeH20  in  the  water- 
argon  mixtures.  This  can  be  calculated 
from  the  isothermal  P-V  properties  of  the 
system  water-argon  that  were  measured  in 
the  course  of  this  investigation. 

At  pressures  up  to  2000  bars  at  500  °C 
neither  water  nor  argon  is  an  ideal  gas, 
nor  do  they  mix  ideally.  Ideality  of  mix- 
ing is  an  arbitrary  concept  based  on  the 
assumption  that  the  partial  molar  volume 
of  a  component  in  the  mixture  is  the  same 
as  the  molar  volume  of  the  pure  com- 
ponent at  the  pressure  and  temperature  of 
the  mixture.  If  this  assumption  is  adopted 
it  can  be  shown  that  the  fugacity  of  the 
component  in  the  mixture  is  proportional 
to  the  mole  fraction  of  the  component  in 
the  mixture.  This  relationship  is  known  as 
the  rule  of  Lewis  and  Randall,  and  may  be 
formally  stated  as 


Ji     —  Xiji 


(1) 


where   fim=  fugacity   of  component  i  in 
the  mixture. 
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fi°  =  f ugacky  o£  pure  component  i 
at  the  pressure  and  tempera- 
ture of  the  mixture. 

ATi=mole  fraction  of  component  i 
in  the  mixture,  defined  by 


n\ 


Xi' 


diJti 


A  consequence  of  the  rule  of  Lewis  and 
Randall  is  that  the  ratio  of  the  fugacity  of 
the  component  in  the  mixture  to  the  fu- 
gacity of  the  pure  component  at  the  tem- 
perature and  pressure  of  the  mixture  is 
equal  to  the  mole  fraction  of  the  com- 
ponent, if  the  mixing  is  ideal  in  the  sense 
indicated  above.  If  the  fugacity  ratio  of  i 
is  denoted  by  v\i,  then 

m=TF  (2) 

h 

and,  from  equation  1, 

v\i  —  Xi  (3) 

when  mixing  is  ideal.  The  fugacity  ratio, 
called  the  "humidity"  by  Thompson 
(1959),  bears  a  simple  relation  to  the  equi- 
librium pressure,  which  is  given  by 

*~  MpfPf  W 

where    ( yi)  pm = fugacity  coefficient  of  pure 
i  at  pressure  Pe{. 
(yi)pF=  fugacity  coefficient  of  pure 
i  at  pressure  Pf. 
Pe/i—  "equilibrium  pressure"  of 

i  in  the  mixture. 
Pf=  total  pressure  on  the  fluid 
mixture. 

Isothermal  P-V  data  obtained  in  this 
work  on  the  system  water-argon  have 
been  used  to  obtain  the  fugacities  of  water 
in  these  binary  mixtures.  They  have  been 
plotted  directly  in  figure  10  and  reduced 
to  fugacity  ratios  in  figure  11.  The  equi- 
librium pressure  of  water  in  a  water-argon 
mixture  is  the  pressure  of  pure  water  that 
has  the  same  fugacity  as  the  water  in  the 
mixture.  Inspection  of  figure  10  shows, 
for  example,  that  the  "equilibrium  pres- 
sure" of  water  in  a  water-argon  mixture 


at  500°C  and  1800  bars  having  an  0.40 
mole  fraction  of  water  is  1200  bars.  This 
is  so  because  at  500 °C  pure  water  at  1200 
bars  has  a  fugacity  of  504  bars,  as  does  the 
water  in  the  mixture.  Inspection  of  figure 
11  shows  that  the  fugacity  ratio  for  water 
in  mixtures  of  water  and  argon  at  500°  C 
is  invariably  more  than  the  mole  fraction 
of  water  in  the  mixture.  Stated  another 
way,  the  thermodynamic  concentration  of 
water  is  more  than  its  concentration  ex- 
pressed as  a  mole  fraction.  The  markedly 
nonideal  mixing  of  water  with  argon  is 
somewhat  surprising,  but  the  data  of 
Harker  (1958)  suggest  that  carbon  dioxide 
behaves  similarly  when  mixed  with  argon. 

Testing  of  the  theory  relating  the  effects 
of  pressure  Pa  on  the  solid  phases,  and 
Psm0,  on  an  equilibrium  boundary  by  us- 
ing water-argon  mixtures  requires  a  prior 
knowledge  of  the  stability  relations  be- 
tween the  solid  phases  in  the  presence  of 
pure  water.  The  equilibrium  curve  has 
been  redetermined  for  the  reaction  of 
analcite  to  form  albite  plus  nepheline  in 
the  presence  of  water  as  a  phase.  The  re- 
sults are  shown  in  figure  12.  Special  care 
has  been  taken  to  demonstrate  that  the 
curve  represents  a  truly  reversible  equi- 
librium. Analcite  has  been  grown  from 
mixtures  of  albite  and  nepheline,  and  al- 
bite plus  nepheline  have  been  grown  from 
analcite,  both  natural  and  synthetic.  The 
curve  is  in  adequate  agreement  with  those 
given  by  Sand,  Roy,  and  Osborn  (1957), 
and  Yoder  (Year  Book  53,  p.  121). 

Addition  of  argon  to  the  system  water- 
NaAlSi2Oe  displaces  the  equilibrium 
boundary  between  the  stability  fields  of 
analcite  and  albite  plus  nepheline.  This 
displacement  can  be  followed  at  constant 
temperature  by  observing  the  change  in 
PeU20  in  the  water-argon  mixtures  along 
the  equilibrium  boundary  at  successively 
higher  fluid  pressures.  The  displacement 
at  constant  temperature  can  also  be  cal- 
culated using  the  methods  of  Danielsson 
(1950)  and  Thompson  (1955).  Figure  13 
shows  a  comparison  of  calculated  values  of 
PeU20  at  a  temperature  of  500  °C  with  the 
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Fig.  11.  Fugacity  ratio  Y\w=fwm/fw°  for  water,  in  water-argon  mixtures  at  500°C.  The  mixture 
becomes  increasingly  nonideal  as  pressure  is  increased,  as  shown  by  the  departure  of  the  measured 
curves  from  the  rule  of  Lewis  and  Randall. 


GEOPHYSICAL  LABORATORY        61 


measured  values  derived  from  the  water- 
argon  data.  The  straight  line  where  Ps  — 
PeU20  represents  isothermal  conditions  in 
the  presence  of  pure  water.  Plotted  along 
this  line  are  runs  made  at  500 °C  in  the 


and  8.48  per  cent  by  weight  of  water,  de- 
termined by  weight  loss  on  139.1  mg  of 
analcite.  The  stoichiometric  amount  of 
water  is  8.14  per  cent  by  weight.  The  ad- 
ditional weight  loss  of  0.4  mg  is  probably 
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Fig.  12.  P-T  stability  of  analcite  in  the  presence  of  pure  water  as  a  phase  (P8=PEmQ).  Lightly 

drawn  circles  represent  runs  in  which  an  oxide  mix  crystallized  to  the  indicated  phases;  heavily 
drawn  circles  represent  runs  in  which  the  indicated  phases  crystallized  from  phases  stable  on  the 
other  side  of  the  curve. 


presence  of  pure  water.  Their  positions 
may  be  compared  with  those  of  the  same 
runs  plotted  in  figure  12. 

A  synthetic  analcite  grown  in  the  pres- 
ence of  argon  and  water  has  been  analyzed 
for  argon  by  L.  T.  Aldrich,  of  the  Depart- 
ment of  Terrestrial  Magnetism,  by  the 
mass  spectrometric  method  used  in  ana- 
lyzing rock-forming  minerals  for  radio- 
genic argon.  The  analcite  contained 
0.025  ±0.005  per  cent  by  weight  of  argon 


attributable  to  adsorbed  water  and  weigh- 
ing uncertainty. 

The  runs  indicated  by  the  rectangular 
boxes  in  figure  13  all  represent  reversals 
of  the  equilibrium  in  the  presence  of 
water-argon  mixtures.  It  may  be  seen 
from  the  diagram  that  there  is  excellent 
agreement  between  the  experimental 
points  and  the  curve  calculated  from  the 
theory. 

The  agreement  indicates  that  the  theory 
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gives  an  adequate  representation  of  the 
separate  effects  of  total  pressure,  tempera- 
ture, and  the  equilibrium  pressure  of  wa- 
ter, at  least  to  a  pressure  of  2000  bars,  and 
suggests  at  least  two  other  applications. 

Experimentally  determined  displacement 
of  phase  equilibria  due  to  addition  of 
components  to  the  fluid  phase  can  be  used 
to  estimate  the  Pe  of  the  components  of 


mixing.  In  the  following  section  of  this 
report  Barnes  and  Ernst  report  on  the 
equilibrium  pressure  and  fugacity  ratios 
of  water  in  mixtures  of  water  and  sodium 
hydroxide,  as  defined  by  the  stable  co- 
existence of  brucite  and  periclase. 

Prediction  of  phase-equilibrium  condi- 
tions in  natural  systems  may  be  attempted 
by  considering  the  effect  of  total  pressure 
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Fig.  13.  Stability  of  analcite  at  500°C  with  PS>PE  .  The  straight  line  equidistant  from 
both  axes  represents  conditions  where  Pg  =  Peu.q  at  500°C.  Rectangular  boxes  indicate  runs  made 
in  the  presence  of  water-argon  mixtures.    Each  point  represents  a  reversal  of  the  equilibrium. 


the  fluid  phase.  It  is  not  difficult  to  cal- 
culate PeH20  as  defined  by  the  equilibrium 
coexistence  of  a  hydrous  and  a  less  hydrous 
mineral  containing  the  same  anhydrous 
constituents.  Measurement  of  the  compo- 
sition, pressure,  and  temperature  of  the 
fluid  phase  in  equilibrium  with  these  solids 
permits  equating  the  calculated  PeH20  with 
the  PeH20  in  the  fluid  mixture.  Applica- 
tion of  equation  4  to  these  data  permits 
recalculation  into  fugacity  ratios  and  fur- 
ther comparison  with  assumptions  of  ideal 


on  the  equilibria  and  by  making  some  as- 
sumptions on  the  thermodynamics  of  mix- 
ing of  the  assumed  components  of  the  pore 
fluid  in  rocks.  The  data  obtained  in  this 
study  indicate  that  assumptions  of  thermo- 
dynamically  ideal  mixing  are  not  justified 
for  mixtures  in  which  argon  is  a  com- 
ponent, but  the  recent  work  of  Franck  and 
Todheide  (1959)  indicates  that  mixtures 
of  carbon  dioxide  and  water  are  ideal  to 
within  a  few  per  cent.  As  a  consequence, 
good  approximations  to  natural  conditions 
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involving  H2O-CO2  mixtures  may  be  ob- 
tained by  calculations  which  assume  the 
validity  of  the  rule  of  Lewis  and  Randall. 

Preliminary  data  have  been  obtained  on 
the  brucite-periclase  equilibrium  under 
osmotic  conditions.  In  these  experiments, 
the  solid  reactants  were  enclosed  at  high 
pressure  by  mechanical  means,  and  water 
was  introduced  at  a  lower  pressure  in  or- 
der to  test  the  theory  without  the  addition 
of  an  extra  component  to  the  fluid  phase. 
These  preliminary  experiments  indicate 
that  the  theory  used  above  to  predict  the 
effect  on  equilibria  of  Ps  and  PeU20  is  ap- 
plicable to  the  system  MgO-H20. 

Periclase  was  enclosed  in  a  gold  tube 
into  which  was  brought  a  capillary  pres- 
sure tube.  The  connection  between  the 
gold  and  capillary  was  made  pressure  tight 
with  silver  solder.  The  tube  was  enclosed 
in  a  pressure  vessel  in  such  a  way  that  a 
high  pressure  could  be  applied  to  the  out- 
side of  the  gold  capsule  and  a  lower  pres- 
sure of  water  could  be  applied  through  the 
capillary  to  the  periclase  inside  the  capsule. 
The  bomb  and  capsule  were  maintained  at 
a  temperature  of  500  °C  and  a  confining 
pressure  of  1500  bars.  Water  pressure  was 
different  for  different  runs.  Runs  have 
lasted  from  1  to  4  weeks.  At  the  end  of 
the  experiments  the  periclase  near  the 
source  of  the  water  had  hydrated  to  bruc- 
ite,  leaving  a  sharp  diffusion  front  be- 
tween the  brucite  and  the  unreacted  peri- 
clase. Thin  sections  show  no  pores,  only 
a  compact  pellet.  Evidently  the  water 
passed  through  the  brucite  and  reacted 
with  the  periclase  to  form  brucite,  which 


grew  and  expanded  against  the  high  con- 
fining pressure.  The  pressure  of  water  in 
the  reservoir  was  not  high  enough  to  force 
microscopic  pores  to  open  in  the  brucite 
aggregate,  even  temporarily.  It  seems  rea- 
sonable to  suppose  that  the  movement  of 
water  took  place  along  grain  boundaries, 
and  possibly  in  part  through  lattice  imper- 
fections. This  evidence  for  diffusive  trans- 
port of  water  through  a  dense  mineral  ag- 
gregate in  response  to  a  gradient  in  the 
PeH20  indicates  that  in  open  as  well  as  in 
closed  systems  the  chief  controls  of  equi- 
librium are  Ps,  Pe,  and  T. 

"Water-deficient"  systems  (Yoder,  1952) 
have  been  described  as  those  with  insuf- 
ficient water  to  convert  all  the  phases  pres- 
ent to  the  most  hydrous  phases  which  are 
stable  at  that  pressure  and  temperature. 
Such  systems  are  distinguished  by  the  co- 
existence of  the  solid  reactants  and  solid 
products  of  a  reaction  involving  water,  and 
the  absence  of  water  as  a  phase.  Such  a 
phase  assemblage  defines  the  equilibrium 
pressure  ("fictive  pressure,"  Yoder,  1955) 
of  water  in  the  rock  at  any  arbitrary  tem- 
perature and  pressure  of  the  solid  phases. 
The  evidence  given  in  the  preceding  para- 
graph indicates  that  the  water  (as  a  com- 
ponent, but  not  a  phase)  in  a  system  like 
the  one  described  could  come  to  equi- 
librium with  an  external  reservoir  con- 
taining water  in  excess.  Upon  this  line  of 
reasoning  it  appears  that  the  variables  tem- 
perature, total  pressure,  and  some  function 
of  the  chemical  potential  of  water,  such 
as  PEmo,  apply  equally  well  to  closed  and 
open  systems,  either  porous  or  condensed. 


REACTIONS  WITH  SUPERCRITICAL  ALKALINE  AQUEOUS 

SOLUTIONS 

H.  L.  Barnes  and  W.  G.  Ernst 4 


Water  under  metamorphic  or  magmatic 
conditions  is  exposed  to,  and  dissolves, 
substances  varying  greatly  in  volatility  and 
reactivity.  Greenwood  (above)  has  con- 
sidered the  effect  of  a  highly  volatile  but 
relatively  inert  contaminant,  argon,  on  the 

4  University  of  California,  Los  Angeles. 


chemical  activity  of  water  and  other  fluids. 
To  explore  the  opposite  extreme,  the  ef- 
fect of  NaOH  on  the  reaction 

MgO+H20->Mg(OH)2 

has  been  investigated.  NaOH  is  not  vola- 
tile and  is  highly  reactive  (its  activity  co- 
efficient in  water  can  exceed  30  at  25  °C), 
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and,  as  will  be  shown  below,  it  may  well 
be  a  common  constituent  of  natural  waters 
under  supercritical  conditions. 

The  experimental  technique  consisted  of 
sealing  brucite  (Mg[OH]2)  or  periclase 
(MgO)  and  aqueous  solutions  of  0.0,  8.3, 
and  18.4  mole  per  cent  NaOH  in  platinum 
tubes.  Runs  were  made,  with  one  to  three 
tubes  in  a  pressure  vessel,  by  approaching 
P-T  curves  from  well  within  the  brucite 
or  periclase  field  and  using  respectively 
either  a  temperature  quench  (in  a  Tuttle 
press)  or  a  pressure  quench  (in  a  cold 
seal  bomb).  The  first  appearance  of  the 
new  phase  on  either  increasing  or  decreas- 
ing the  temperature  at  constant  pressure 
bracketed  the  curve.  Although  brucite  per- 
sists metastably  more  than  periclase,  both 
react  rapidly  and  permit  the  determination 
of  P-T  curves  within  narrow  limits.  Pre- 
liminary results  for  the  reaction 

coarse-grained  brucite—* 

fine-grained  periclase  +  H20 

are  presented  in  figure  14.  The  univariant 
curve  determined  with  no  NaOH  present 
agrees  closely  with  the  experimental  curve 
by  Fyfe  (1958)  and  calculated  curves  by 
MacDonald  (1955). 

At  a  fixed  pressure  and  temperature, 
adding  NaOH  or  other  solutes  to  this 
aqueous  system  reduces  the  fugacity  of 
H20  and  favors  formation  of  periclase. 
Consequently,  the  univariant  curve  for  the 
coexistence  of  brucite  and  periclase  is  one 
edge  of  a  surface  in  P-T-xn2o  space  where 
xh2o  is  the  mole  fraction  of  H2O  in  the 
vapor  in  the  system  MgO-H20-NaOH. 
A  line  on  this  surface  shifts  to  lower  tem- 
peratures and  higher  pressures  with  in- 
creasing NaOH  concentration  as  shown 
by  the  P-T  projection  in  figure  14.  The 
effect  is  apparently  large,  about  40  °C  at 
1000  bars  and  about  70  °C  at  2000  bars  for 
12.5  molal  NaOH  solution.  Quantitative 
evaluation  of  the  magnitude  of  this  effect 
requires  description  of  these  results  in 
thermodynamic  terms. 

Calculations  of  the  fugacity  of  H2O  in 
the  system  MgO-H20-NaOH  depend  di- 


rectly on  the  purity  of  H20  along  the  uni- 
variant curve  and  of  brucite  and  periclase 
throughout  the  system.  Thermodynami- 
cally,  brucite  and  periclase  can  be  con- 
sidered as  pure  phases  under  all  the  condi- 
tions investigated.  X-ray  patterns  of  either 
brucite  or  periclase  appear  identical  when 
quenched  from  equilibrium  with  pure 
water  or  with  NaOH  present.  As  would 
be  expected  from  considerations  of  ionic 
size  and  charge,  this  evidence  implies 
slight,  if  any,  substitution  of  Na+  for  Mg++ 
in  either  mineral.  Furthermore,  present 
solubility  data  (Carlson,  Peppier,  and 
Wells,  1953)  indicate  that,  in  the  absence 
of  NaOH,  H2O  can  be  considered  a  pure 
phase  when  in  equilibrium  with  brucite 
or  periclase.  No  change  in  quench  prod- 
ucts was  found  over  the  small  range  of 
mole  ratios  of  MgO  or  Mg(OH)2  to  H2O 
used  in  the  runs.  The  reaction 

Mg(OH)  2->Mg++ + 20H 

may  be  neglected  in  pure  water  because 
Mg(OH)2  is  only  very  slightly  soluble  at 
room  temperature  and  both  its  solubility 
and  degree  of  ionization  (Noyes  et  al., 
1907)  decrease  with  increasing  tempera- 
ture. In  NaOH  solutions,  this  slight  ion- 
ization of  Mg(OH)2  is  repressed  by  the 
common-ion  effect  (OH")  and  becomes 
even  less  important.  This  effect  indicates 
a  decrease  in  the  small  solubilities  of  both 
brucite  and  periclase  when  NaOH  is 
added  to  the  system. 

The  ratio  of  the  fugacity  of  water  in  the 
solution  to  that  of  pure  water  at  the  same 
T  and  P  has  been  calculated  using  the  con- 
ventions adopted  by  Greenwood  (above). 
The  chemistry  may  be  interpreted  by  com- 
parison of  some  typical  results  (table  1). 

Ideal  solutions  follow  the  rule  of  Lewis 
and  Randall,  which  states  that  v\  =  x.  Al- 
though the  deviations  of  y)n2o  from  xh2o 
shown  by  solutions  of  argon  and  NaOH 
are  of  opposite  sign  (table  1),  the  depar- 
ture from  ideality  is  small  compared  with 
that  of  NaOH  at  standard  conditions.  The 
chemical  behavior  of  NaOH  in  solution 
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must   have   changed   drastically    between 
these  two  conditions. 
Near  25  °C,   1  bar,  appreciable  NaOH 


this  effect  can  be  correlated,  in  large  part, 
with  a  high  degree  of  ionization  and  sub- 
sequent hydration  of  the  ions.   However, 
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Fig.  14.  Preliminary  diagram  for  equilibrium  between  coarse-grained  brucite  and  fine-grained 
periclase  + fluid.  Curves  A  A' ',  BBf ,  and  CC  respectively  represent  equilibrium  between  brucite, 
periclase,  and  a  solution  of:  pure  H20,  5  molal  NaOH  (0.2  g  NaOH/1.0  g  H20),  12.5  molal  NaOH 
(0.5  g  NaOH/1.0  g  H20). 


concentrations  decrease  the  fugacity  of  wa- 
ter to  a  much  greater  extent  than  indicated 
by  the  mole  per  cent  present  (Robinson 
and  Stokes,  1949).  For  strong  electrolytes, 


under  the  conditions  of  figure  14,  both 
argon  and  NaOH  act  predominantly  as 
diluents  of  the  aqueous  phase.  This  con- 
trast   in    behavior    is    related    to    similar 
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changes  in  conductivity,  and  ionization, 
of  aqueous  solutions  determined  by  Franck 
(1956),  Noyes  et  al.  (1907),  and  others. 
With  the  single  exception  of  pure  water, 
ionization  of  the  inorganic  solutions 
studied,  KOH,  KC1,  NaCl,  HC1,  H2S04, 
H3PO4,  HNO3,  NH4OH,  and  others,  de- 
creases greatly  with  increasing  tempera- 
ture, near  or  above  the  critical  point  of 
H2O.  Evidently  NaOH  is  much  less  ion- 
ized and  is,  consequently,  a  more  ideal 
solute  above  500  °C  in  the  region  investi- 
gated. Changes  in  the  degree  of  ioniza- 
tion not  only  explain  the  departure  from 
ideality  but  also  suggest  the  natural  oc- 


Data  by  Franck  (1956)  give,  within  the 
uncertainty,  the  same  ionization  constant 
for  both  KC1  and  KOH  under  most  super- 
critical conditions.  From  the  similarity  of 
ionization  between  NaCl  (Fogo,  Benson, 
and  Copeland,  1954)  and  KCl  and  the  ef- 
fect of  NaOH  as  a  diluent  on  MgO-H20 
equilibria,  it  appears  that,  under  metamor- 
phic  or  igneous  conditions,  moderately  ion- 
ized NaOH  will  commonly  be  formed  by 
the  hydrolysis  of  NaCl. 

A  number  of  important  chemical  and 
geological  conclusions  are  indicated  by 
these  data. 

1.  Departures     from     ideality     (Lewis 


TABLE  1.     The  Fugacity  Ratio  in  Aqueous  Solutions  * 


12.5  Molal  NaOH  Solution 


From  Conway, 
1952 


Calculated  from 
Figure  14 


Argon  Solution 
From  Greenwood 


Pressure,  bars 

Temperature,  °C 

Mole  fraction  H20  (xH  0) 

Fugacity  ratio  of  H20  (y)H  0) 


1 
25 
0.816 

0.35 


2000 
594 
0.816 

0.69 


2000 
500 
0.800 

0.91 


y)H  0  is  the  ratio  of  the  fugacity  of  H20  in  the  solution  to  that  in  the  pure  phase  at  the  same 


P  and  T. 

currence  of  NaOH  solutions  in  the  fol- 
lowing manner. 

Ionization  constants,  derived  from  con- 
ductivities of  the  solutions  noted  above,  in- 
dicate that  the  decrease  of  ionization  with 
temperature  is  greater  for  acids  than  for 
bases.  For  example,  at  the  critical  point 
of  H2O  the  ionization  constant  of  HC1  is 
about  IO-47  and  for  KOH  is  about  lO"3-0. 
Furthermore,  the  decrease  in  degree  of  as- 
sociation and  the  increase  in  ionization  of 
water  favor  hydrolysis  of  salts  such  that 

KCl  +  H2O^KOH  +  HC1 

and  in  turn 


KOH-VK++OH" 

and  to  a  smaller  extent 

HC1->H+  +  C1- 
The  net  effect  is  the  hydrolysis: 
C1-  +  H20-^HC1+0H 


and  Randall  rule)  of  solutions  of  NaOH 
are  much  smaller  under  supercritical  con- 
ditions than  near  standard  conditions.  Con- 
ductivity data  for  several  other  electrolytes 
indicate  that  they  behave  similarly.  This 
approach  to  ideality,  if  general,  will  greatly 
simplify  the  application  of  solution  chem- 
istry to  high  temperatures  and  pressures. 

2.  Solutes  in  natural  aqueous  solutions 
may  change  significantly  the  stability  of 
an  H20-containing  univariant  assemblage 
from  the  P-T  conditions  determined  with 
pure  H2O  present.  The  shift  in  the  brucite- 
periclase  curve,  caused  by  addition  of 
NaOH  to  the  H2O  present,  however,  may 
well  be  near  the  maximum  caused  by 
equivalent  concentrations  of  impurities  in 
geologic  solutions,  because  the  charge  den- 
sity of  Na+,  the  extent  of  ionization,  and 
the  activity  coefficients  of  NaOH  where 
determined  are  large  relative  to  those  of 
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most    other    hydrolyzed    inorganic    com- 
pounds. 

3.  If  natural  solutes  are  similar  to  NaCl 
and  KC1  in  hydrolysis  and  ionization, 
aqueous  solutions  under  supercritical  geo- 
logic conditions  must  be  moderately  alka- 
line, particularly  in  our  range  of  experi- 
mental investigations  of  MgO-H20,  that 
is,  above  500 °C  and  to  2000  bars.  Assuming 
this  alkalinity  to  be  common,  an  explana- 
tion to  the  long-standing  problem  of  the 
ready  mobility  of  silica  in  nature  is  sug- 
gested by  the  known  high  solubility  of 
silica  in  alkaline  solutions.  Other  geologic 
problems  that  now  need  re-evaluation  in- 
clude wall-rock  alteration.  In  experiments 
by  Hemley  (1959),  Winkler  and  von 
Platen  (1958),  and  others,  concentrations 


of  HC1  up  to  0.6  molal  were  observed  in 
aqueous  solutions  in  equilibrium  with  a 
salt  and  typical  alteration  minerals.  Be- 
cause HC1  is  relatively  weakly  ionized  at 
high  temperatures,  these  experimental  con- 
ditions are  not  strongly  acidic  as  was 
formerly  assumed.  Correct  evaluation  of 
these  experiments  could  indicate  the  acid- 
ity of  solutions  causing  several  types  of 
hydrothermal  alteration. 

4.  Extrapolation  of  information  on  be- 
havior of  aqueous  solutions  (ionization, 
acidity,  hydrolysis,  ideality)  from  near 
standard  to  supercritical  conditions  is  un- 
warranted and  may  be  completely  mislead- 
ing unless  related  to  experimental  data 
under  these  conditions. 


SIMPLE  BASALT  SYSTEMS 


The  investigation  of  a  number  of  rela- 
tively simple  systems  combining  one  of 
the  early-crystallizing  minerals  of  rocks 
with  late-crystallizing  alkali  aluminosili- 
cates  has  established  the  nature  of  residual 
liquids  from  the  crystallization  of  rela- 
tively complex  magmas.  The  diversity  of 
rocks  produced  in  the  late  stages  of  crys- 
tallization, however,  appears  to  have 
evolved  from  very  similar  source  magmas. 
The  basalts,  which  are  believed  to  repre- 
sent these  source  magmas,  consist  pri- 
marily of  feldspar  and  clinopyroxene  with 
small  amounts  of  one  or  more  of  the  min- 
erals olivine,  orthopyroxene,  nepheline, 
quartz,  and  iron  ores.  It  is  important, 
therefore,  to  investigate  the  systems  that 
deal  with  these  principal  phases.  Because 
of  the  large  number  of  components  in- 
volved it  is  expedient  to  limit  the  composi- 
tion of  the  phases  in  the  preliminary 
studies.  For  experimental  simplicity,  the 
iron  end  members  of  these  phases  are  tem- 
porarily set  aside.  The  small  amounts  of 
K20,  Ti02,  and  MnO  found  in  these 
magmas  can  also  be  neglected  without  los- 
ing significant  phases.  Applying  these 
limitations,  the  principal  components  can 
be  reduced  to  anorthite  (An),  albite  (Ab), 


diopside  (Di),  forsterite  (Fo),  enstatite 
(En),  nepheline  (Ne),  and  quartz  (Qz). 
All  these  components  with  the  exception 
of  anorthite  have  been  represented  by  a 
simple  tetrahedron  by  Yoder  and  Tilley 
(unpublished  work,  1958)  as  shown  in 
figure  15.  These  six  components  are  among 


Fig.  15.  Simple  iron-free  tetrahedron  based 
on  principal  normative  minerals  of  various  ba- 
salts (Yoder  and  Tilley,  1958,  unpublished 
work).  Ab,  albite;  Di,  diopside;  En,  enstatite; 
Fo,  forsterite;  Ne,  nepheline;  Qz,  quartz. 
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the  principal  normative  minerals  of  basalts. 
The  significance  of  this  tetrahedron  can 
be  readily  appreciated  if  the  various  end 
members  are  generalized  to  include  the 
members  that  commonly  occur  in  solid 
solution  with  them,  and  if  the  names  of  the 
rock  types  are  plotted  in  their  respective 
positions    determined   by   their    principal 


Because  of  the  important  bearing  of  the 
tetrahedron  Di-Ne-Fo-Qz  (fig.  15)  on  the 
nature  of  the  source  magmas,  the  required 
contributing  subsidiary  systems  are  being 
investigated.  In  addition,  the  related  sys- 
tems in  which  anorthite  occupies  the  place 
of  albite  are  under  study.  A  review  of  the 
progress  of  these  studies  is  now  given. 


Ne(- 


Alkali    Basalt    Group 


Olivine    Tholeiite   Group 


Tholeiite    Group 


Fig.  16.  Right  inset:  Simple  basalt  tetrahedron  of  figure  15  generalized  to  include  members 
commonly  in  solid  solution.  Main  portion:  Exploded  view  of  generalized  simple  basalt  tetra- 
hedron with  names  of  rock  types  plotted  in  their  respective  positions  determined  by  their  prin- 
cipal normative  minerals.  Left  inset:  Alternative  Cpx-Ol-Pl  plane  in  which  plagioclase  is  particu- 
larly rich  in  An.  Rock  names  underlined  are  within  tetrahedra;  those  in  planes  are  written  parallel 
to  base.  (Lherzolite  consists  of  Ol  +  Cpx  +  Opx.)  The  three  major  basalt  groups  are  divided  by 
the  critical  plane  of  undersaturation,  Cpx-Pl-Ol,  and  the  plane  of  silica  saturation,  Cpx-Pl-Opx. 
The  continuum  between  the  basalt  types  is  emphasized.  (Yoder  and  Tilley,  1958,  unpublished 
work.)  An,  anorthite;  Cpx,  clinopyroxene;  Ne,  nepheline;  Ol,  olivine;  Opx,  orthopyroxene;  PI, 
plagioclase;  Qz,  quartz. 


minerals.  The  generalized  tetrahedron  of 
Yoder  and  Tilley  is  shown  in  the  right 
inset  of  figure  16,  and  an  exploded  view 
of  their  simple  basalt  tetrahedron  is  repro- 
duced in  the  main  part  of  the  figure.  An 
additional  inset  shows  the  rocks  in  which 
the  plagioclase  is  especially  rich  in  the 
anorthite  end  member.  Most  of  the  basalts 
and  their  related  rocks  can  be  represented 
in  this  tetrahedron. 


The  plane  Di-Fo-Si02  was  studied  by 
Bowen  (1914)  and  the  subsolidus  region 
of  the  Di-En  portion  of  the  system  was  in- 
vestigated by  Atlas  (1952)  and  Boyd  and 
Schairer  (Year  Book  56,  pp.  223-225) ;  Di- 
Fo-Ab,  Schairer  and  Morimoto  (Year  Book 
57,  pp.  212-213);  Di-Ne-Si02,  Schairer 
and  Yoder  (1960);  Ab-Fo-Si02,  Greig 
(preliminary  reconnaissance,  unpublished) 
and  Schairer  and  Yoder  (this  report) ;  Fo- 
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Ne-Di,  Schairer  and  Yoder  (this  report) ; 
and  Di-En-Ab,  Schairer  and  Morimoto 
(Year  Book  58,  pp.  113-118).  One  plane, 
Ne-Ab-Fo,  remains  to  be  studied  before 
the  interior  parts  of  the  tetrahedron  can  be 
successfully  tackled;  a  study  of  this  plane 
is  now  in  progress  (Schairer  and  Yoder). 

The  planes  studied  for  the  analogous 
anorthite  systems  include  Ne-An-Si02, 
Schairer  (1957) ;  Fo-An-Si02,  Andersen 
(1915) ;  En-An-Di,  Hytonen  and  Schairer 
(this  report)  ;  Di-An-Fo,  Osborn  and  Tait 
(1952);  Di-Ab-An,  Bowen  (1915);  and 
An-Di-Si02,  Hytonen  and  Schairer  (in 
progress).  Planes  to  be  undertaken  are 
An-Ne-Fo,  An-Di-Ne,  An-Ab-Fo,  and 
An-Ab-En. 

It  is  anticipated  that  the  construction  of 
a  preliminary  "flow  sheet"  for  the  principal 
liquid  courses  will  be  possible  from  these 
data,  and  that  the  nature  of  the  critical 
source  magmas  may  be  outlined. 

The  System  Albite-Forsterite-Silica 
f.  F.  Schairer  and  H.  S.  Yoder,  Jr. 

An  examination  of  figure  15  shows  that 
the     system     nepheline      (Ne)-forsterite 


(Fo) -silica  (Qz)  is  the  base  of  the  tetra- 
hedron represented  and  that  the  system 
albite-forsterite-silica  is  a  part  of  this  base. 
A  preliminary  equilibrium  diagram  for 
albite-forsterite-silica  with  isotherms  is 
given  here  as  figure  17.  Black  dots  indi- 
cate the  compositions  prepared  and  studied 
by  the  method  of  quenching.  Heavy  curves 
are  the  boundary  curves  between  the  pri- 
mary fields  of  the  several  solid  and  liquid 
phases.  The  tie  line  albite-enstatite  divides 
the  system  into  two  parts.  All  composi- 
tions in  the  triangle  albite-forsterite-en- 
statite  become  completely  crystalline  at  the 
temperature  of  the  pointH  (1098°  ±  10°C). 
Those  in  the  triangle  albite-enstatite-silica 
become  completely  crystalline  only  at  the 
temperature  of  the  ternary  eutectic  /. 
Quenching  runs  of  long  duration  are  re- 
quired to  fix  the  precise  temperature  of  /; 
they  are  now  in  progress. 

There  should  be  two  more  ternary  in- 
variant points  and  a  field  of  orthoenstatite 
not  shown  in  this  preliminary  diagram. 
The  points  are  enstatite  +  protoenstatite  + 
forsterite  + liquid  and  enstatite+protoen- 
statite  +  tridymite  + liquid.  The  first  should 
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Fig.  17.    Preliminary  equilibrium  diagram  of  the  system  albite-forsterite-silica. 
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lie  in  HA  not  far  above  H,  and  the  sec- 
ond should  lie  in  //  somewhat  to  the  right 
of  /.  The  determination  of  these  points 
will  require  long  runs  and  considerable 
X-ray  data.  Their  temperature  as  com- 
pared with  the  inversion  temperature  en- 
statite^protoenstatite  in  pure  MgSi03 
composition  should  indicate  whether  the 

I526±2C 


The  System  Forsterite-N epheline- 
Diopside 

].  F.  Schairer  and  H.  S.  Yoder,  Jr. 

An  examination  of  figure  15  shows  that 
the  system  forsterite  (Fo)-nepheline 
(Ne)-diopside  (Di)  is  one  of  the  faces 
of  the  tetrahedron  represented.  A  prelimi- 
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Fig.  18.    Preliminary  equilibrium  diagram  of  the  system  forsterite-nepheline-diopside. 


pyroxenes  are  pure  MgSi03  in  composi- 
tion or  a  slightly  aluminous  pyroxene.  If 
the  latter  should  be  true,  the  system  is  not 
precisely  ternary.  In  the  system  albite- 
forsterite-silica  no  tridymite  crystals  ap- 
peared at  appropriate  temperatures  in  the 
stability  range  of  tridymite  but  always 
metastable  cristobalite.  All  compositions 
in  this  system  on  crystallization  yield  re- 
sidual liquids  poor  in  magnesian  minerals 
and  rich  in  alkali  aluminosilicate. 


nary  equilibrium  diagram  for  forsterite- 
nepheline-diopside  with  isotherms  is  given 
here  as  figure  18.  The  primary  phases 
forsterite,  spinel,  carnegieite  solid  solutions, 
nepheline  solid  solutions,  and  diopsidic 
pyroxenes  appear  on  the  liquidus  surface. 
During  crystallization  spinel  disappears  by 
reaction  with  liquid  at  1245°  ±5°C.  Meli- 
lites,  which  probably  contain  soda  melilite 
(NaCaAl2Si07)  in  addition  to  akermanite 
and  gehlenite,  appear  at  subliquidus  tern- 
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peratures  as  one  of  the  crystalline  solid 
phases. 

In  figure  18  heavy  curves  in  the  join 
forsterite-nepheline-diopside  are  traces  of 
the  boundary  surfaces  between  the  pri- 
mary phase  volumes  of  the  several  solid 
phases  which  appear  at  liquidus  tempera- 
tures. Black  dots  represent  the  composi- 
tions prepared  and  studied  by  the  method 
of  quenching.  Optical  and  X-ray  methods 


The  System  Enstatite-Anorthite-Diopside 
Kai  Hytonen  and  J.  F.  Schairer 

An  examination  of  figure  15  shows  that 
the  join  enstatite-albite-diopside  is  one  of 
the  two  planes  that  bisect  the  tetrahedron 
represented.  Schairer  and  Morimoto  (Year 
Book  58,  pp.  113-118)  presented  the  phase- 
equilibrium  diagram  for  this  join  and  a 
number  of  isothermal  planes.  During  the 
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Fig.  19.    Equilibrium  diagram  for  the  join   enstatite-anorthite-diopside. 


were  used  to  identify  the  solid  phases  en- 
countered. Because  of  the  complexity  of 
the  solid  solutions  we  have  not  been  able 
to  determine  the  precise  composition.  Af- 
ter each  black  dot  within  the  join  we  give 
the  liquidus  temperature  and  the  tem- 
perature of  appearance  or  disappearance  of 
additional  solid  phases  using  the  symbols 
c,  d,  f,  m,  n,  and  s  for  the  temperature  of 
appearance  of  carnegieite  solid  solution, 
diopsidic  pyroxene,  forsterite,  melilite, 
nepheline  solid  solution,  and  spinel,  re- 
spectively, and  so  for  the  disappearance 
of  spinel  crystals  during  crystallization. 


past  year  we  have  studied  the  join  ensta- 
tite-anorthite-diopside, the  corresponding 
plane  where  the  lime  feldspar  anorthite 
takes  the  place  of  albite. 

The  equilibrium  diagram  for  the  join 
enstatite-anorthite-diopside  with  iso- 
therms is  given  here  as  figure  19.  Black 
dots  represent  the  compositions  prepared 
and  studied  by  the  method  of  quenching. 
Heavy  curves  are  the  traces  of  boundary 
surfaces  between  the  primary  phase  vol- 
umes of  the  several  solid  phases  that  ap- 
pear on  the  liquidus  surface.  Optical  and 
X-ray  methods  were  used  to  identify  the 
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solid  phases  encountered  at  various  tem- 
peratures between  1050° C  and  liquidus 
temperatures.  The  join  enstatite-anorthite- 
diopside  cuts  the  primary  phase  volumes 
of  forsterite,  anorthite,  and  diopsidic  py- 
roxene at  liquidus  temperatures.  Because 
of  the  complex  relations  at  temperatures 
below  the  liquidus  we  are  not  yet  able 
to  present  accurate  data  for  the  isotherms 
between  liquidus  temperatures  and  the 
solidus. 

Three  polymorphic  modifications  of 
MgSiOs  (protoenstatite,  clinoenstatite,  and 
orthoenstatite)  each  as  solid  solutions  ap- 
pear at  various  temperatures  during  crys- 
tallization or  appear  as  quenching  prod- 
ucts. Small  amounts  of  free  silica  (present 
as  cristobalite,  metastably)  were  observed 
in  some  of  the  compositions  rich  in  diop- 
side  at  and  below  solidus  temperatures. 
This  is  a  consequence  of  the  presence  of 
AI2O3  in  the  pyroxenes  which  are  not 
binary  MgSi03-CaMgSi206  pyroxenes.  If 
aluminous  pyroxenes  are  present  in  the 
melts  the  composition  of  the  liquid  cannot 
lie  in  the  join  and  a  silica  phase  may 
crystallize  on  or  before  completion  of 
crystallization. 

The  appearance  of  free  Si02  in  compo- 
sitions rich  in  diopsidic  pyroxene  may  be 
explained  by  assuming  that  the  diopside 
contains  the  hypothetical  Tschermak's 
molecule  CaAUSiOe  in  solid  solution.  Evi- 
dence for  the  presence  of  solid  solution  of 
this  kind  is  revealed  by  comparisons  of 
X-ray  powder  patterns  of  diopsidic  py- 
roxenes in  the  join  enstatite-anorthite- 
diopside  with  those  in  the  alumina-free 
system  enstatite-diopside.  To  obtain  pre- 
cise information  on  aluminous  diopside 
solid  solutions,  we  are  now  investigating 
the  triangular  join  CaAUSiOe-diopside- 
silica.  The  side  line  anorthite-diopside  of 
the  join  enstatite-anorthite-diopside  lies  in 
the  join  CaALSiOe-diopside-silica. 

The  addition  of  anorthite  as  a  third  com- 
ponent to  the  system  enstatite-diopside 
lowers  the  temperature  of  crystallization 
of  the  pyroxenes  close  to  the  temperature 
range    where    the    pyroxenes    of    natural 


basaltic  rocks  have  been  observed  to  crys- 
tallize (Yoder  and  Tilley,  Year  Book  56, 
pp.  151-161).  When  our  study  has  been 
completed  we  should  have  information  on 
(1)  how  far  the  two-pyroxene  volume 
extends  into  the  basalt  tetrahedron,  (2) 
the  stable  polymorphic  modifications  of 
MgSi03  at  temperatures  where  the  basalts 
crystallize,  (3)  the  nature  of  the  substitu- 
tion and  amount  of  substitution  of  alu- 
mina in  diopsidic  and  also  in  MgSi03- 
rich  solid  solutions,  (4)  the  effects  of  solid 
solution  in  these  pyroxenes  on  the  crystal- 
lization course  of  the  simple  basalts. 

The     Join      "  Grossularite'-'Pyrope"     at 

Atmospheric  Pressure,  and  Its  Bearing 

on  the  System  CaO-MgO-AWz-SiOz 

G.  A.  Chinner  and  J.  F.  Schairer 

Diabases  and  gabbros  contaminated  with 
calcareous  material  commonly  display 
marginal  variants  rich  in  nepheline,  meli- 
lite,  and  pyroxene  of  varying  alumina 
content.  In  contrasting  nepheline-  and 
melilite-bearing  rocks  produced  in  this 
manner  with  mafic  alkali-rich  lavas  such 
as  nepheline-  and  melilite-basalts,  Tilley 
(1952)  has  alluded  to  the  possible  im- 
portance of  diopsidic  pyroxene  in  storing 
up  calcium  and  aluminum  for  the  produc- 
tion of  melilite  in  the  final  stages  of  the 
differentiation  history.  Until  recently, 
however,  the  liquid-solid  relations  in- 
volved have  had  no  experimental  demon- 
stration. Recent  work  on  the  "grossular- 
ite"-"pyrope"  join  at  atmospheric  pres- 
sure has  suggested  a  reaction  relationship 
between  an  aluminous  pyroxene  and 
liquid  which  provides  a  possible  mecha- 
nism for  this  process. 

Figure  20  is  a  revised  version  of  the 
"grossularite"-"pyrope"  join  presented  in 
last  year's  report.  In  addition  to  the  reac- 
tion behavior  of  pyroxene,  the  revision 
includes  the  variable  wollastonite-pseudo- 
wollastonite  inversion  and  a  modification 
of  the  subsolidus  assemblages  found  along 
part  of  the  join. 

Much  of  the  difficulty  in  interpretation 
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Fig.  20.    Revised  diagram  of  the  join  "grossularite"-"pyrope"  at  1  atm.    Abbreviations  for  solid 
phases  as  in  figure  22;  I  —  liquid. 


in  the  earlier  work  proved  to  be  the  result 
of  the  specialized  position  of  the  garnet 
join  in  the  system  CaO-MgO-ALOs-SiC^. 
By  the  equation 

Ca3  Al2Si3Oi2 + 2Mg3  AI2S13O12 

grossularite  pyrope 

=  3Ca  Al2Si208 + 3Mg2Si04 

anorthite  forsterite 

the  garnet  join  intersects  the  line  anorthite- 
forsterite  at  a  composition  Gro36Pye4. 
Similarly,  by  the  equation 

4Ca3  Al2Si3Oi2  +  Mg3Al2Si3Oi2 

grossularite       .  pyrope 

=  4CaAl2Si208  +  Ca2Al2Si07  + 

anorthite  gehlenite 

3Ca2MgSi207 

akermanite 


a  composition  Gros2Pyi8  can  be  repre- 
sented by  a  mixture  of  anorthite  and  a 
melilite  of  composition  Geh25Ak75.  Within 
the  range  Gro82Pyis  to  Gro36Py64,  the 
garnet  compositions  can  therefore  be  repre- 
sented by  varying  proportions  of  anorthite, 
forsterite,  and  a  melilite  Geh25Ak75,  an 
assemblage  which  begins  to  melt  on  the 
univariant  line  anorthite-forsterite-meli- 
lite-liquid  (fig.  22)  at  1175°C.  The 
compositions  of  melilites  in  garnet  mix- 
tures within  this  range  have  been  de- 
termined from  the  position  of  the  intense 
(211)  X-ray  reflection,  and  they  agree  (fig. 
21)  with  the  calculated  values  within  the 
limits  of  error. 
Below  the  temperature  of  the  wollaston- 


2.865- 


2.860- 


o< 


Anorthite -forsterite  -melilite  assemblage 


2.855- 


CJ 

2.850-1  "^ 


15  20  25  30 

Wt.%  pyrope  in  bulk  composition 


35 


40 


45 


50 


Fig.  21.  Compositions  of  melilites  (open  circles)  in  mixtures  along  the  join  "grossularite"- 
"pyrope,"  crystallized  at  1  atm  and  1050°C,  plotted  against  the  weight  per  cent  pyrope  in  the 
mixture.  The  heavy  line  gives  the  calculated  compositions  of  the  melilites. 
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ite-pseudowollastonite  inversion,  garnet 
compositions  within  the  range  Groioo  to 
Gro82Pyi8  are  represented  by  varying  pro- 
portions of  anorthite,  wollastonite,  and 
melilite,  the  melilite  changing  from  pure 
gehlenite  to  Geh25Ak75.  Figure  21  shows 
excellent  correspondence  between  the 
measured  and  the  calculated  compositions 
of  the  melilites  which  form  within  this 
range.  The  more  pyrope-rich  of  these 
compositions  melt  at  intervals  along  the 
univariant  line  anorthite-wollastonite- 
melilite-liquid,  and  at  1205°  ±5°C  pass 
through  the  invariant  point  A,  anorthite- 
wollastoni  t  e-pseudo  wollastonite-liquid. 
The  more  grossularite-rich  compositions, 
however,  undergo  a  subsolidus  reaction  of 
the  type 

wollastonitess  +  anorthite  +  melilitess 
=  wollastonite  +  pseudowollastonitess  + 

anorthite  +  melilitess 

and  do  not  begin  to  melt  until  the  tempera- 
ture of  invariant  point  A  is  reached. 

The  final  modification  to  the  join  lies 
in  the  role  of  pyroxene.  A  diopsidic  pyrox- 
ene (identified  by  the  (221)  X-ray  reflec- 
tion at  30°  20,  CuKa  radiation)  enters 
compositions  within  the  approximate 
range  Gro7oPy3o-Gro4oPy6o  at  approxi- 
mately 1230  °C,  and  disappears  at  ap- 
proximately 1215  °C.  Within  this  tempera- 
ture interval  a  complex  series  of  reactions 
must  occur,  the  liquids  apparently  leaving 
the  univariant  lines  anorthite-forsterite- 
spinel-liquid  and  anorthite-melilite- 
spinel-liquid,  and  traveling  across  the 
divariant  surfaces  via  the  univariant  line 
anorthite-melilite-diopside-liquid  to  the 
line  anorthite-forsterite-melilite-liquid, 
where  they  finally  crystallize.  Unfortu- 
nately the  content  of  diopside  and  forster- 
ite  in  these  compositions  is  so  small,  and 
the  temperature  interval  over  which  diop- 
side appears  is  so  narrow,  that  it  is  not 
feasible  to  determine  precisely  the  nature 
of  these  reactions.  The  diopside-contain- 
ing  area  on  figure  20  is  thus  purely  dia- 
grammatic; elucidation  of  the  relations 
within  it  must  await  the  investigation  of 


more  favorable  compositions  within  the 
tetrahedra  anorthite-forsterite-gehlenite- 
akermanite  and  anorthite-forsterite-aker- 
manite-diopside. 

The  hitherto  unsuspected  reaction  rela- 
tionship between  a  diopsidic  pyroxene  and 
liquid  in  this  system  introduces  a  potential 
tool  for  the  interpretation  of  certain  trends 
in  rock  magmas.  It  has  long  been  known 
that  diopside  can  accommodate  substantial 
quantities  of  aluminum;  natural  diopsides 
(fassaites)may  contain  up  to  16  per  cent  by 
weight  AI2O3.  The  substitution  scheme  is 

(Ca,Mg)Si^AlAl 

but  recent  studies  (cf.  Sakata,  1957)  indi- 
cate that  the  maximum  amount  of  sub- 
stitution lies  along,  or  close  to,  the  join 
diopside  (CaMgSi206)-"Ca-tschermakite" 
(CaAl2Si206),  between  30  and  40  per  cent 
CaAl2Si206. 

Analysis  of  the  subsolidus  tetrahedra 
within  the  system  CaO-MgO-Al203-Si02 
shows  that  this  will  be  the  composition  of 
the  pyroxene  which  is  in  equilibrium  with 
anorthite,  forsterite,  an  akermanite-rich 
melilite,  and  liquid,  at  the  quaternary  re- 
action point  C  of  figure  22.  The  pyroxenes 
in  equilibrium  with  liquid  at  the  tempera- 
ture maxima  b  (an-fo-ak,  DeWys  and 
Foster,  1958),  /  (an-fo-di,  Osborn  and 
Tait,  1952),  and  fo-ak-di  (Ricker  and 
Osborn,  1954)  on  three  of  the  univariant 
lines  that  descend  to  point  C  are,  however, 
close  to  pure  diopside.  The  pyroxenes  will 
thus  have  a  reaction  relationship  to  liquids 
descending  along  these  lines,  since  they 
will  continually  increase  in  ALO3  content 
as  C  is  approached.  The  effect  of  the  re- 
moval by  fractionation  of  early-formed 
diopsidic  pyroxene  will  be  to  enrich  the 
liquid  in  alumina  and  lime,  thus  ulti- 
mately enriching  the  crystallization  prod- 
ucts of  the  final  liquid  in  melilite.  In  the 
tetrahedron  CaO-MgO-Al203-Si02,  the 
univariant  line  pyrox-an-fo-liq  trends 
toward  the  CaO  apex,  so  that  the  addi- 
tion of  lime  (e.g.,  as  CaCOs)  to  a  liquid 
along  this  line  will  greatly  accentuate  this 
behavior.    At  the  reaction  point   C,  the 
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aluminous  diopside  reacts  with  liquid  to 
give  essentially  an  akermanite-rich  melilite, 
and  anorthite,  the  forsterite  content  being 
less  than  10  per  cent. 

The  role  of  pyroxene  in  this  system 
shows  striking  parallels  with  the  behavior 
of  the  pyroxenes  in  the  classic  example 


melilite  rock  virtually  free  of  pyroxene. 
This  process  is  accompanied  by  the  de- 
silication  of  the  albite  component  of 
plagioclase  to  form  nepheline,  which  later 
reacts  with  liquid  to  produce  a 
CaNaAlSi207  "component"  in  the  meli- 
lites,  so  that  the  natural  phenomena  can- 
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Fig.  22.  The  relation  of  ternary  invariant  points  (small  solid  circles)  in  the  limiting  systems 
to  univariant  lines  and  quaternary  invariant  points  (large  solid  circles,  lettered  A  to  M)  within 
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relationships.  The  lines  and  points  do  not  lie  on  a  plane;  their  spatial  angular  relationships  as 
shown,  the  length  of  lines,  and  the  position  of  temperature  maxima  on  these  lines  are  arbitrary 
and  without  significance.  Arrows  indicate  directions  of  falling  temperature.  Abbreviations  for 
solid  phases:  tr,  tridymite;  cr,  cristobalite;  mu,  mullite;  co,  corundum;  pyrox,  pyroxene;  sp,  spinel; 
cord,  cordierite;  sap,  sapphirine;  fo,  forsterite;  an,  anorthite;  mel,  melilite;  pwol,  pseudowollastonite; 
wol,  wollastonite.    This  diagram  is  a  revision  of  figure  11  of  Year  Book  58. 


of  olivine  diabase  contaminated  by  lime- 
stone at  Scawt  Hill,  northern  Ireland 
(Tilley  and  Harwood,  1931).  In  these 
rocks  the  first  product  of  contamination 
was  an  alumina-poor  diopsidic  pyroxene; 
later-formed  pyroxenes  contain  up  to  19 
per  cent  CaALSiOs,  and  give  clear  evi- 
dence of  reaction  with  liquid  to  form 
melilite.  The  final  product  of  the  con- 
tamination-differentiation   sequence    is    a 


not  be  precisely  interpreted  in  terms  of 
the  system  CaO-MgO-Al203-Si02.  How- 
ever, the  fact  that  the  alkali-free  synthetic 
systems  are  adequate  to  interpret  the  major 
trends  at  Scawt  Hill  suggests  that  in  these 
rocks  the  formation  of  nepheline  may  be 
purely  subsidiary;  the  essential  feature  of 
the  differentiation  process  is  the  role  of 
pyroxene  as  a  "reservoir"  of  lime  and 
alumina   for   the    ultimate   formation   of 
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melilite.  This  again  highlights  the  con- 
trasts drawn  by  Tilley  (1952)  between 
syntexites  of  the  Scawt  Hill  type  and  the 
normal  mafic  alkali  rocks,  in  which 
nepheline  plays  an  essential  role. 

The  reaction  behavior  of  aluminous 
pyroxene  can  be  of  significance  only  in 
liquids  that  descend  to  the  melilite  minima. 
On  figure  22,  the  dotted  line  efgh  is  the 
diagrammatic  representation  of  the  tem- 
perature "ridge"  on  the  divariant  surfaces 
which  separates  liquids  descending  to  the 
melilite  minima  from  those  descending 
to  the  silica-rich  minimum.  The  large 
number  of  reaction  points  to  the  silica-rich 
side  of  this  line  graphically  illustrates  the 
principles  of  silica  enrichment  by  frac- 
tional crystallization  of  forsterite  and 
spinel  originally  developed  by  Bowen.  The 
compositions  of  the  invariant  points  E,  F, 
I,  J,  K,  L,  M  all  lie  within  the  volume  an- 
orthite-enstatite-tridymite-cordierite ;  the 
final  goal,  with  perfect  fractionation,  of  all 
liquids  whose  compositions  lie  within  the 
volume  anorthite-diopside-forsterite- 
spinel-corundum-Si02  is  the  eutectic  I, 
anorthite-enstatite-tridymite-cordierite- 


liquid.  These  observations  fit  well  with 
the  observed  behavior  of  natural  igneous 
intrusions;  the  final  products  of  the  con- 
tamination of  high-temperature  picritic 
and  andesitic  igneous  rocks  consist  essen- 
tially of  enstatite,  plagioclase,  cordierite, 
and  quartz,  with  varying  amounts  of 
mullite,  and  the  first-melting  liquid  frac- 
tion produced  by  the  fusion  of  arkosic  and 
argillaceous  country  rock  at  the  contacts 
of  such  intrusions  frequently  crystallizes 
to  similar  assemblages.  The  presumably 
higher  water-vapor  pressures  in  more 
deep-seated  intrusions  normally  result  in 
the  cordierite  composition  being  repre- 
sented by  biotite,  but  even  in  such  environ- 
ments "magmatic"  cordierite  is  not  un- 
common. A  typical  example  is  that  de- 
scribed from  LePallet,  France  (Lacroix, 
1899),  where  contamination  of  an  olivine 
gabbro  (represented  by  the  univariant  line 
anorthite-forsterite-pyroxene)  produced 
first  quartz-norites  (represented  by  the  line 
pyroxene  (enstatite) -anorthite-tridymite) 
and  finally  rocks  containing  hypersthene, 
quartz,  plagioclase,  cordierite,  and  garnet. 


GARNETS 


Physical  Properties   of   Garnet  Solid 
Solutions 

G.  A.  Chinner,  F.  R.  Boyd,  and  J.  L.  England 

The  abundance  and  the  wide  composi- 
tional range  of  garnets  in  many  rock  types 
have  stimulated  many  attempts  to  devise 
schemes  for  the  determination  of  garnet 
compositions  without  complete  chemical 
analysis.  In  such  schemes  it  is  assumed 
that  the  garnet  can  be  represented  as  a 
solid  solution  of  several  end  members  of 
known  physical  properties  (usually  al- 
mandite,  pyrope,  grossularite,  spessartite, 
and  andradite),  and  a  sufficient  number  of 
"independent"  physical  and  chemical 
parameters  are  measured  to  determine, 
either  graphically  or  algebraically,  the  pro- 
portions of  these  end  members  in  the 
garnet  in  question. 


The  assumption  underlying  such  calcu- 
lations is  that  the  physical  properties  vary 
linearly  between  end  members. 

To  test  this  assumption,  to  provide  de- 
terminative curves  for  the  garnet  phase 
studies  now  in  progress  in  the  Laboratory, 
and  to  provide  data  on  the  molar  volumes 
of  the  garnet  solid  solutions,  compositions 
along  the  joins  grossularite-pyrope  and 
almandite-pyrope  have  been  crystallized 
at  30  kilobars  and  1250  °C,  under  which 
conditions  both  joins  are  binary.  Con- 
siderable difficulty  was  encountered  in 
producing  complete  crystallization,  but  all 
the  samples  used  for  the  refractive  index 
and  cell-edge  measurements  shown  in 
figures  23  and  24  contained  more  than  90 
per  cent  of  garnet.  With  certain  exceptions 
to  be  noted,  the  consistency  of  the  meas- 
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Fig.  23.   Variation  of  refractive  index  and  cell  edge  in  the  join  almandite-pyrope. 


urements  is  taken  as  indication  that  the 
garnets  crystallized  were  of  the  same 
composition  as  the  starting  materials. 

Because  of  the  presence  of  minute  inclu- 
sions in  many  of  the  crystalline  garnets, 
the  accuracy  of  the  refractive-index  de- 
terminations is  not  considered  to  be  better 
than  ±0.003  for  the  almandite-pyrope 
series  and  ±0.002  for  the  grossularite- 
pyrope  series.  The  cell-edge  measurements 
were  made  on  diffractometer  charts  from 
the    (640)    and    (642)    reflections,    using 


Si(sii)    (d  =1.6374    A)    as   standard,    the 
accuracy  being  ±0.002  A. 

The  determinations  of  the  end  members 
grossularite,  pyrope,  and  almandite  agree 
with  those  of  Skinner  (1956)  within  the 
limits  of  error.  Figure  23  shows  the  re- 
fractive index  and  cell  edge  of  almandite- 
pyrope  solid  solutions  to  vary  linearly 
to  within  the  limits  of  error.  The  change 
in  refractive  index  along  the  grossularite- 
pyrope  join  (fig.  24)  is  so  small  that  any 
variation    from    linearity    would    hardly 
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Fig.  24.    Variation  of  refractive  index  and  cell  edge  in  the  join  grossularite-pyrope. 
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be  seen.  The  cell-edge  determinations 
along  this  join  are  essentially  linear,  the 
two  aberrant  points  (involving  a  maxi- 
mum error  of  +2  mole  per  cent  pyrope) 
probably  being  due  to  the  formation  of  a 
garnet  slightly  more  grossularite-rich  than 
the  starting  material. 

The  molar  volumes  of  grossularite 
(125.31),  pyrope  (113.29),  and  almandite 
(115.28)  do  not  appear  to  be  different 
enough  for  the  molar  volumes  of  the 
solid  solutions  to  show  any  significant  de- 
parture from  linearity. 

These  determinations  suggest  that  errors 
introduced  by  the  assumption  of  linearity 
in  the  determination  of  compositions  of 
natural  garnets  rich  in  grossularite,  pyrope, 
and  almandite  will  have  no  practical  sig- 
nificance. The  presence  of  ions  other  than 
those  included  in  the  main  end  members 
(e.g.,  4H+  or  Ti4+  replacing  Si4+),  and  the 
physical  determinations  themselves,  will 
presumably  introduce  errors  of  far  greater 
magnitude. 

Grossularite-Pyrope-Water  System    at 
10,000  Bars 

H.  S.  Yoder,  Jr.,  and  G.  A.  Chinner 

The  preliminary  projection  of  the  gros- 
sularite-pyrope  join  at  10,000  bars  water 
pressure  briefly  outlined  in  last  year's  re- 
port leads  to  conclusions  in  substantial 
agreement  with  observations  made  on 
natural  rocks.  The  complexity  of  the 
system  permits  close  approach  to  the 
phase  assemblages  of  the  silica-poor  meta- 
morphic  rocks,  and  the  liquidus  relations 
elucidate  several  long-standing  problems 
posed  by  igneous  rocks.  Figure  25  sum- 
marizes the  preliminary  data  obtained  at 
10,000  bars.  (The  projection  may  be  more 
easily  interpreted  with  the  aid  of  a  tetra- 
hedral  model  in  which  H20  is  projected 
into  the  CaO-MgO-Al203-Si02  volume.) 
Much  of  the  complexity  of  figure  25  arises 
from  the  number  of  phases  that  undergo 
extensive  changes  in  solid  solution  and  in 
the  large  number  of  critical  changes  of 
assemblage  that  take  place  in  a  narrow 
temperature  interval. 


The  garnet  stable  in  the  range  of 
temperatures  investigated  is  a  grossularite 
with  a  maximum  pyrope  content  in  solid 
solution  between  5  and  10  weight  per  cent. 
Extrapolating  the  pyrope  stability  data  ob- 
tained by  Boyd  and  England  (Year  Book 
58)  given  in  figure  26,  it  is  seen  that  the 
magnesium  end  member  would  be  stable 
only  below  320  °C,  presumably  in  the 
water-deficient  region.  It  was  not  possible 
in  this  preliminary  study  to  fix  the  nature 
of  the  solid  solution  for  each  mineral, 
but  the  possible  directions  of  solid  solution 
may  be  outlined  (table  2).  Of  these,  the 
minerals  that  appear  to  control  the  nature 
of  the  contiguous  assemblages  are  the 
diopside  and  amphibole  solid  solutions. 
The  solid  solution  of  the  amphibole  may 
possibly  be  further  complicated  by  exsolu- 
tion.  (Two-amphibole  assemblages  are 
known  in  nature.) 

Several  striking  general  relationships 
exist  between  the  join  studied  at  1  atm  by 
Chinner  and  Schairer  given  in  figure  20 
and  that  at  10,000  bars.  The  lowering  of 
the  spinel  liquidus  is  relatively  small  com- 
pared with  the  more  than  300°  drop  in 
the  liquidus  of  anorthite.  The  great  en- 
largement of  the  diopside  field  and  the 
presence  of  grossularite  are  balanced  by 
the  absence  of  both  melilite  and  wollaston- 
ite.  Grossularite  appears  on  the  liquidus  in 
the  wet  system,  whereas  in  the  dry  system 
it  is  believed  to  form  only  in  the  solid  state, 
below  750°C  (Yoder,  1950*,  p.  225,  fig.  4). 
In  the  dry  system  forsterite  occurs  in  the 
subsolidus  assemblages  along  80  per  cent 
of  the  join;  in  the  wet  system  it  has  a 
purely  evanescent  role,  reacting  with  liquid 
to  give  two  pyroxene  solid  solutions  and 
spinel  before  the  solidus  is  reached.  Sap- 
phirine,  absent  from  compositions  along 
this  join  at  1  atm,  appears  in  the  more 
magnesian  assemblages  at  10,000  bars, 
where  it  takes  the  place  partly  of  spinel 
and  of  cordierite. 

Of  considerable  significance  is  the  join 
Diss  +  An  +  Sp  +  F  (see  Year  Book  58,  fig. 
13)  at  about  47  weight  per  cent  pyrope 
which  uniquely  separates  the  anhydrous 
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calcium-rich  crystalline  assemblages  from 
the  hydrous  magnesium-rich  crystalline 
assemblages.  It  is  to  be  noted  that  amphi- 
bole  appears  in  equilibrium  with  liquid, 
and  chlorite  appears  after  a  small  tempera- 


tions.  The  "masking"  of  high-grade  as- 
semblages at  high  pressures  due  to  the  in- 
creasing temperature  stability  of  the  hy- 
drous minerals  is  well  shown;  in  the 
magnesian  part  of  the  join  chlorite  and 
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Fig.  25.  Preliminary  projection  of  the  grossularite-pyrope-water  join  at  10,000  bars.  Abbrevia- 
tions are  given  in  table  2.  Open  circle,  liquid  +  vapor;  circle  with  cross,  crystals  +  liquid  +  vapor; 
cross,  crystals  +  vapor.  Liquidus  surface  and  primary  crystal  determined  at  1  atm  by  Schairer  and 
Chinner  (fig.  20)   are  shown  at  top  of  figure. 


ture  drop  below  the  solidus  in  the  mag- 
nesium-rich compositions. 

The  results  of  this  preliminary  study 
are  in  agreement  with  observations  made 
on  natural  rocks.  They  demonstrate  the 
growth,  at  the  same  water  pressure  and 
temperature,  of  anhydrous  assemblages  in 
calcium-rich  compositions  and  of  hydrous 
assemblages  in  magnesium-rich  composi- 


talc  are  stable  within  90°  of  the  solidus, 
while  amphibole  coexists  with  liquid.  The 
present  data  are  also  in  accord  with  the 
observed  limits  of  pyrope  solid  solution 
in  grossularite  (see  Year  Book  58,  fig.  12) 
and  the  incompatibility  of  grossularite 
and  amphibole. 

Of  particular  interest  is  the  appearance 
of   the   mineral   sapphirine   in   the   mag- 
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nesium-rich  assemblages.  Investigations  of 
natural  magnesium-rich  rocks  indicate 
sapphirine  to  be  a  much  more  abundant 
mineral  than  had  previously  been  thought. 
Its  most  common  occurrence  in  granulite 
facies  metamorphic  rocks  has  prompted 
the  suggestion  that  it  is  a  "high-pressure" 
mineral.  Although  the  occurrence  of  this 
mineral  both  in  the  system  MgO-Al2C)3- 
Si02  at  1  atm  and  in  some  contact  aureoles 
shows  that  pressure  is  not  required  for 
its  formation,  the  results  of  these  experi- 
ments indicate  that  pressure  increases  the 


composition  summarized  in  figure  25  indi- 
cates that  at  10,000  bars  water  pressure 
the  join  forsterite-cordierite  is  cut  by  two 
joins,  enstatite-sapphirine  and  enstatite- 
spinel,  thus  closely  approaching  the  natural 
situation. 

The  relationship  between  spinel  and 
clinopyroxene  is  also  clarified  by  this  study. 
Although  clinopyroxene-spinel  assem- 
blages are  well  known  in  nature,  previous 
studies  have  shown  that,  at  liquidus  and 
immediately  subsolidus  temperatures  in 
the  anhydrous  system  CaO-MgO-Al203- 


TABLE  2.     Definition  of  Abbreviations  and  Possible  Solid  Solution  of  Phases 


Symbol 

Phase 

Possible  Solid  Solution  Joins 

Amp 

Amphibole 

Anthophyllite-gedrite-tremolite-tschermakite 

An 

Anorthite 

None 

Chi 

Chlorite 

Clinochlore-amesite 

Co 

Cordierite 

Toward  "Mg-beryl"  composition? 

Diss 

Diopside 

Diopside-enstatite 
Diopside-Ca-tschermak  molecule 
Diopside-Mg-tschermak  molecule 

Enss 

Enstatite 

Diopside-enstatite 

Grss 

Grossularite 

Grossularite-pyrope 
Grossularite-hydrogrossularite 

L 

Liquid 

Mel 

Melilite 

Gehlenite-akermanite 

Sap 

Sapphirine 

Toward  Co-Sp  join? 

Sp 

Spinel 

Spinel-corundum 

Tc 

Talc 

Talc-pyrophyllite 

V 

Vapor 

compositional   field  in  which   sapphirine 
may  form. 

A  further  penological  point  clarified  by 
this  study  lies  in  the  alternative  tie  lines 
forsterite-cordierite  and  enstatite-spinel. 
Tilley  (1923)  pointed  out  that,  whereas  in 
natural  magnesium-rich  rocks  enstatite- 
spinel  is  the  tie  line  found,  forsterite- 
cordierite  is  the  stable  pair  in  the  anhy- 
drous system  MgO-Al203-Si02.  Yoder's 
(1952)  work  in  the  system  MgO-Al203- 
Si02-H20  indicated  that  at  least  up  to 
2000  bars  pressure  forsterite-cordierite  is 
still  the  stable  pair.5  The  study  of  pyrope 

5  More  extensive  studies  by  Chinner  have  con- 
firmed the  forsterite-cordierite  tie  line  at  2000 
bars  water  pressure. 


Si02,  diopside  solution  and  spinel  are  in- 
compatible phases,  the  joins  diopside  solid 
solution-spinel  being  replaced  by  forster- 
ite-anorthite-melilite.  Within  the  hydrous 
system,  however,  forsterite  and  anorthite 
appear  to  be  no  longer  compatible,  and 
diopside  solid  solutions  and  spinel  may 
coexist  as  in  nature.  The  formation  of 
clinopyroxene-spinel  coronas  at  the  con- 
tacts between  plagioclase  and  olivine  in 
some  troctolites  and  gabbros  led  Osborn 
and  Tait  (1952)  to  suggest  that  at  low 
temperatures  in  the  anhydrous  system  the 
diopside  solid  solution-spinel  tie  line  re- 
places the  high-temperature  forsterite- 
anorthite  tie  line.  The  present  experiments 
suggest  an  alternative  interpretation  that 
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the  coronas  are  formed  by  an  increase  in 
Ph2o  after  the  crystallization  of  the  olivine- 
plagioclase  aggregate. 

Needless  to  say,  many  problems  remain 
to  be  solved  in  a  system  of  such  complex- 
ity. Further  detailed  work  on  the  join 
will,  of  course,  be  fruitful;  however, 
greater  progress  can  probably  be  made  by 
examining  compositions  more  centrally 
located  with  regard  to  the  phases  in  each 
assemblage.  Above  all,  the  clinopyroxene 
and  amphibole  solid  solutions  hold  the 
key  to  the  principal  assemblages  in  the 
CaO-MgO-AloOs-SiOo-H.O  system. 

Almandite-Pyrope-Water    System    at 
10,000  Bars 

H.  S.  Yoder,  Jr.,  and  G.  A.  Chinner 

Among  the  predominant  end  members 
of  the  common  garnets  found  in  meta- 
morphic  rocks  and  in  some  igneous  rocks 
are  almandite,  Fe3Al2(Si04)3,  and  pyrope, 
Mg3Al2(Si04)3.  Analyses  of  garnets  from 
rocks  believed  to  have  formed  under  a 
wide  range  of  conditions  indicate  that 
under  certain  conditions  there  is  a  com- 
plete series  of  solid  solutions  between  these 
two  end  members.  Field  investigations 
have  suggested  that  the  garnets  formed 
at  the  greatest  depths  or  at  the  highest 
pressures  are  the  most  magnesium  rich. 
On  the  basis  of  this  observation  it  has 
been  reasoned  that  the  magnesium  content 
of  garnet  may,  with  certain  limitations,  be 
useful  as  a  piezometer  for  a  wide  range 
of  rocks. 

Some  knowledge  of  the  stability  condi- 
tions of  the  two  end  members  is  available 
from  the  work  of  Yoder  (1955,  p.  520)  on 
almandite  and  of  Boyd  and  England 
(Year  Book  58,  p.  84)  on  pyrope.  The 
preliminary  P-T  curves  indicating  the 
upper  stability  limit  of  each  of  these  gar- 
nets are  shown  in  figure  26.  To  the 
right  of  these  curves  the  garnets  each  break 
down  in  the  solid  state  to  different  mineral 
assemblages  whose  nature  depends  on  the 
pressure.  Pyrope  breaks  down  presumably 
at  successively  increasing  pressures  to  the 


assemblages  forsterite  +  spinel  +  cordierite, 
enstatite  +  cordierite  +  spinel,  aluminous 
enstatite  +  cordierite +  sapphirine,  and  alu- 
minous enstatite  +  sapphirine  +  sillimanite. 
Almandite  breaks  down  presumably  at 
successively  increasing  pressures  to  fayal- 
ite  +  iron-cordierite  +  hercynite,  f  ayalite  + 
iron-cordierite  +  staurolite,  and  f ayalite  + 
staurolite  + quartz.  Because  of  the  pre- 
sumed changes  in  breakdown  assemblages 
there  will  be  minor  changes  in  slope  of 
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Fig.  26.  Stability  curves  of  almandite  (Yoder, 
1955)  and  pyrope  (Boyd  and  England,  Year 
Book  58).  Solid  part  of  curves  determined  ex- 
perimentally. Dot  represents  invariant  point 
where  pyrope  begins  to  melt. 

the  upper  stability  curves  which  have  been 
investigated  over  only  a  narrow  range  of 
conditions  (solid-line  part  of  curves  in 
fig.  26). 

The  behavior  of  intermediate  garnets 
along  the  almandite-pyrope  join  will  be 
strongly  dependent  on  the  differing  P-T 
curves  of  the  two  end  members.  It  is  ap- 
parent that,  for  a  given  temperature,  there 
will  be  a  minimum  pressure  required  to 
form  a  garnet  of  a  given  composition,  this 
pressure  increasing  with  the  pyrope  con- 
tent of  the  garnet.    Conversely,   for  any 
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given  pressure,  there  will  be  a  maximum 
temperature  at  which  a  garnet  can  exist, 
this  temperature  increasing  with  the 
almandite  content  of  the  garnet.  As  a  guide 
for  the  experimental  investigation  of  the 
intermediate  garnets,  a  crude  graphical 
estimate  of  this  behavior  was  first  made. 


free  energy  change  of  the  breakdown  reac- 
tion may  be  as  a  first  approximation  linear 
with  pressure.  Figure  27,  derived  by  this 
assumption  and  the  data  in  figure  26, 
gives  a  series  of  P-X  lines  showing  the  ap- 
proximate minimum  pressures  required 
to  form  garnet  solid  solutions  at  various 


Almandite 


Fe3AI2(Si04)3 


Mol  per  cent 


Pyrope 
Mg3AI2(Si04)3 


Fig.  27.  Isotherms  indicating  crude  approximation  of  minimum  stability  of  almandite-pyrope 
solid  solutions.  Data  derived  from  extrapolated  curves  in  figure  26.  Garnet  stable  above  isotherms; 
garnet  +  breakdown  products  stable  immediately  below  isotherms.    Assumptions  stated  in  text. 


The  unit-cell  data  of  Chinner,  Boyd, 
and  England  (fig.  23)  for  the  almandite- 
pyrope  garnets  indicate  an  approximately 
linear  relationship  between  molar  volume 
and  composition.  Assuming  that  the  total 
volume  of  the  breakdown  products  has 
a  similar  relationship,  it  may  be  concluded 
that  at   constant  temperature  the  partial 


temperatures.  For  any  isotherm,  garnet 
of  compositions  given  by  the  abscissa  is 
stable  above  the  line,  and  garnet  plus 
breakdown  products,  immediately  below 
the  line.  Minor  changes  in  slope  of  these 
lines  are  to  be  expected  because  of  the 
change  in  breakdown  products  with 
composition.  From  these  isotherms  a  T-X 
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plot  may  be  constructed  (fig.  28).  The 
clashed  lines  (isobars)  represent  the  maxi- 
mum solid  solution  of  garnet  possible  at  a 
given  pressure,  garnet  only  being  stable 
below  the  curve  and  garnet  of  maximum 
solid  solution  +  breakdown  products  stable 
immediately  above  the  curve.  The  assem- 
blages may  be  represented  in  projection  on 
an  AFM  plot  of  the  four-component  sys- 
tem    FeO-MgO-Al203-Si02     in     which 


The  maximum  solid  solutions  possible 
in  the  almandite-pyrope-water  system 
have  been  determined  experimentally  at 
10  kilobars.  The  runs  were  made  on 
glasses  of  the  requisite  composition  in  the 
presence  of  water  and  sealed  in  platinum 
tubes  buffered  with  wustite-magnetite- 
water  in  an  outer  gold  tube,  or,  when  the 
almandite  content  was  less  than  40  per  cent 
by  weight,  the  glass  was  sealed  with  water 
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Fig.  28.  Dashed  curves,  isobars,  indicating  crude  approximations  of  maximum  stability  of  al- 
mandite-pyrope  solid  solutions.  Data  derived  from  isotherms  in  figure  27.  Garnet  stable  below 
isobars;  garnet  +  breakdown  products  stable  immediately  above  isobars.  Solid  curve  gives  experi- 
mentally determined  maximum  solid  solution  of  garnet  at  higher  temperatures  for  10  kilobars. 
Garnet  only  stable  below  curve;  garnet  +  breakdown  products  stable  immediately  above  curve.  Dot- 
dash  curve  gives  maximum  garnet  solid  solution  at  lower  temperatures  for  10  kilobars.  Garnet 
stable  above  curve;  garnet  +  amphibole-bearing  assemblages  stable  immediately  below  curve.  Point 
A  gives  maximum  garnet  solid  solution  predicted  for  925 °C  and  10  kilobars;  see  figure  29. 


these  garnets  and  their  breakdown  prod- 
ucts lie.  For  example,  the  assemblages  be- 
lieved to  be  stable  at  925  °C  and  10,000  bars 
are  illustrated  schematically  in  figure  29. 
The  critical  four-phase  volume  consisting 
of  garnet  of  maximum  solid  solution + 
orthopyroxene  solid  solution  +  spinel  solid 
solution +  cordierite  solid  solution  is  repre- 
sented by  the  triangle  in  which  the  letter 
A  is  located.  Point  A  in  figures  28  and  29 
gives  the  maximum  garnet  solid  solution 
predicted  for  these  conditions. 


in  a  gold  tube  without  a  buffer.  In  short 
runs  (up  to  6  hours)  the  charge  can  be 
maintained  in  a  reduced  condition  even 
at  high  temperatures  (<1050°C).  The 
composition  of  garnet  was  determined  by 
means  of  unit-cell  dimension  and  index-of- 
refraction  data  of  Chinner,  Boyd,  and 
England  given  in  figure  23.  The  region  in 
which  only  garnet  was  obtained  is  bounded 
by  the  solid  curve  and  dot-dash  curve  in 
figure  27.  The  solid  curve  is  the  maximum 
solid  solution  possible  for  the  higher  tern- 
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peratures  at  10  kilobars:  garnet  +  break- 
down products  are  stable  immediately 
above  the  curve.  Below  the  dot-dash  curve 
garnet  also  breaks  down  and  amphibole- 
bearing  assemblages  begin  to  form,  re- 
stricting the  maximum  possible  solid  solu- 
tion at  lower  temperatures.    The  wedge 
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Fig.  29.  Schematic  projection  of  phases  pre- 
sumed to  be  stable  at  925  °C  and  10  kilobars  for 
compositions  along  and  adjoining  the  join  al- 
mandite-pyrope.  Point  A  is  the  predicted  maxi- 
mum solid  solution  of  garnet.  Orientation  of 
garnet-cordierite  tie  lines  taken  from  compila- 
tion of  analyses  of  coexisting  natural  minerals 
(Chinner,  Year  Book  58,  fig.  \5d).  Range  of 
solid  solutions  of  cordierite,  staurolite,  orthopy- 
roxene,  and  olivine  is  estimated.  Aim,  alman- 
dite;  En,  enstatite;  Fa,  fayalite;  Fe-Co,  Fe-cor- 
dierite;  Fo,  forsterite;  Her,  hercynite;  Mg-Co, 
Mg-cordierite;  Ol,  olivine;  Py,  pyrope;  Sap,  sap- 
phirine;  Sill,  sillimanite;  Sp,  spinel;  Staur,  stau- 
rolite. 

shape  of  the  all-garnet  region  which  lies  in 
the  plane  of  projection  arises  from  the 
decreasing  stability  of  garnets  with  de- 
creasing FeO  content  and  the  increasing 
stability  of  amphibole  with  increasing 
MgO  content  at  constant  pressure.  It  is  to 
be  noted  that  a  part  of  the  predicted  curve 
and  the  solid  experimental  curve  for  10 


kilobars  are  of  a  similar  nature.  It  is  pre- 
sumed that  over  the  remainder  of  the 
predicted  curve  garnet  is  stable  only  in 
the  water-deficient  region.  The  slow  rate 
of  reaction  obtained  by  the  experimental 
technique  employed  at  10  kilobars  pro- 
hibits the  investigation  of  the  water-defi- 
cient region  at  this  time. 

The  reconnaissance  experiments  support 
the  thesis  that  the  magnesium  content  of 
garnet  is  a  function  of  pressure;  however, 
they  also  point  up  several  restrictions  on 
the  use  of  garnet  composition  as  a  pie- 
zometer. First  is  the  necessity  that  the 
temperature  be  fixed  by  an  independent 
geothermometer.  The  influence  of  oxida- 
tion, water  content,  and  other  ions  on  the 
stability  of  the  garnet  solid  solutions  has 
not  been  evaluated,  and  the  nature  of  the 
assemblages  in  which  the  garnet  solid  solu- 
tion is  maximum  has  not  been  ascertained. 
In  spite  of  these  restrictions,  which  are 
amenable  to  evaluation,  the  composition 
of  garnet  is  potentially  a  most  useful  pie- 
zometer for  a  great  variety  of  rocks  and 
a  wide  range  of  conditions  of  formation. 

A  further  point  of  petrologic  interest  is 
provided  by  the  evidence  that,  at  pressures 
less  than  10  kilobars,  garnets  on  the 
almandite-pyrope  join  reach  their  upper 
temperature  stability  limits  at  subsolidus 
temperatures.  The  breakdown  tempera- 
tures of  the  more  almandite-rich  garnets 
are,  however,  above  the  liquidus  tempera- 
tures to  be  expected  when  other  compo- 
nents are  added  to  the  system  FeO-MgO- 
Al203-Si02-H20.  Under  such  conditions 
the  almandite-pyrope  garnets  may  well 
appear  on  the  liquidus.  These  data  thus 
in  no  way  controvert  the  large  body  of 
geologic  evidence  which  suggests  that 
almandite-pyrope  garnets  form  as  mag- 
matic  phases  in  some  igneous  rocks. 
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CORDIERITES 


The  Structural  State   of    Cordierite  and 

Its  Dependence  on  Environmental 

Conditions 

W.  Schreyer  and  J.  F.  Schairer 

In  the  past  it  was  believed  that  for 
minerals  showing  polymorphic  transitions 
the  structural  states  faithfully  reflected  the 
temperatures  and  pressures  of  formation 
of  these  minerals.  Goldsmith  and  Laves 
(1956)  and  MacKenzie  (1957)  discovered 
in  the  cases  of  anorthite  and  albite  that  the 
time  of  thermal  treatment  also  has  a 
profound  influence  on  the  structural  state 
of  the  phases,  and  that  metastable  states 
may  be  preserved  over  long  periods  of 
time.  It  was  also  found  (MacKenzie, 
1952)  that  the  transition  temperatures  vary 
with  the  composition  of  the  feldspar.  In 
the  present  study  on  the  structural  states 
of  Mg-cordierite  a  new  parameter  has  been 
discovered:  the  bulk  composition  of  the 
mixture.  It  was  found  that  independent 
of  solid  solution  in  the  phase  cordierite 
its  transition  temperature  is  greatly  de- 
pendent on  the  particular  chemical  en- 
vironment. The  influence  of  all  three 
parameters  temperature,  time,  and  chemi- 
cal environment  on  the  development  of 
the  structural  state  of  cordierite  has  been 
investigated  in  this  study.  The  results 
have  an  important  bearing  on  the  use 
of  cordierite  as  a  geologic  thermometer. 

Investigation  of  structural  states  of 
cordierites  was  initiated  by  Miyashiro  and 
Iiyama  (1954),  who  discovered  a  hexag- 
onal form  of  cordierite.  Later  this  form 
was  found  to  be  stable  at  high  tempera- 
tures (Sugiura  and  Kuroda,  1955;  Miya- 
shiro, 1957).  It  can  be  distinguished  by 
X-ray  diffraction  methods  from  the  com- 
monly occurring  orthorhombic  cordierite 
stable  at  low  temperatures.  On  these 
grounds  Wyllie  (1959)  suggested  that  the 
structural  state  of  cordierite  might  be 
used  as  a  geologic  thermometer.  The 
hexagonal  form  was  named  "indialite"  by 
Miyashiro  and  Iiyama  (1954).  A  series 
of  intermediate  structural  states  ("subdis- 


tortional  cordierites"  of  Miyashiro,  1957) 
exists  between  "indialite"  and  the  cordier- 
ite with  the  highest  deviation  from  hexag- 
onal symmetry  ("perdistortional  cordier- 
ite" of  Miyashiro)  which  exhibits  A  values 
above  0.29° 

[A  =  20i3i-  (205ii+  2042i)/2] 

In  the  course  of  our  experimental  in- 
vestigation of  anhydrous  cordierites  in  the 
system  MgO-ALCX-SiC^  we  have  deter- 
mined the  stability  relations  of  the  various 
structural  states.  Since  the  general  rela- 
tions between  the  hexagonal  and  ortho- 
rhombic  forms  are  very  similar  to  the  high- 
low  transitions  found  in  feldspars,  the 
hexagonal  form  in  this  study  is  called  high- 
cordierite  and  the  one  with  the  highest 
A  value  low-cordierite?  We  have  not  been 
able  to  ascertain  experimentally  the  maxi- 
mum possible  deviation  from  hexagonal 
symmetry,  nor  have  we  been  able  to  syn- 
thesize low-cordierite  with  a  A  value 
identical  to  the  highest  one  measured  on 
natural  material :  The  maximum  structure 
index  A  obtained  after  a  heating  period 
of  more  than  10  months  was  0.28°;  some 
natural  cordierites,  however,  exhibit  A 
values  up  to  0.31°.  Similarly,  as  for  albite, 
the  "lowest"  form  of  cordierite  is  still  a 
matter  of  uncertainty.  There  is  no  doubt 
that  many  natural  cordierites  are  not  in  this 
"lowest"  structural  state. 

In  the  laboratory  studies  it  was  con- 
venient to  draw  a  more  or  less  artificial 
dividing  line  at  a  A  value  of  0.20°  and 
define  cordierites  exhibiting  this  A  value 

6  It  was  found  that  Miyashiro's  nomenclature 
was  not  practical  in  describing  the  new  experi- 
mental results.  The  main  reason  is  that  it  does 
not  provide  a  term  for  the  whole  group  inde- 
pendent of  structural  state,  and,  therefore,  it  is 
suggested  that  the  name  cordierite  be  retained 
as  a  collective  term  similar  to  plagioclase  or 
mica.  The  second  reason  is  that  the  prefixes 
high  and  low  were  used  to  describe  a  relation- 
ship since  shown  to  be  nonpolymorphic.  The 
relationship  alleged  to  be  a  function  of  tempera- 
ture proved  to  be  a  function  of  composition 
(Iiyama,  1958;  Schreyer  and  Yoder,  this  report). 
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or  a  higher  one  as  "low" -cordierites.  From 
this  value  on,  a  clear  distinction  of  the 
various  reflections  indicative  of  ortho- 
rhombic  symmetry  was  possible,  and  struc- 
tural transitions  of  these  cordierites  into 
structural  states  with  lower  A  values  could 
be  detected  readily.  Synthetic  cordierites 
with  A  values  between  0.01°  and  0.20° 
usually  did  not  show  this  clear  distinction 
of  peaks,  but  were  characterized  by  broad- 
ening of  lines  which  contributed  con- 
siderable difficulties  to  the  measurement  of 
the  A  values.  These  cordierites  are  called 
intermediate -state  cordierites  in  the  pres- 
ent studies. 

Our  experimental  results  indicate  that 
the  general  stability  relations  between 
high-  and  low-cordierite  are  not  changed 
by  the  fact  that  low-cordierite  proper  has 
never  been  attained:  the  gradual  transi- 
tion from  "low"-  into  high-cordierite  was 
found  to  take  place  at  the  same  tempera- 
tures, no  matter  whether  the  starting  ma- 
terials exhibited  a  A  value  of  0.21°  or  of 
0.28°.  The  attainment  of  high  A  values 
was  found  to  be  principally  a  function  of 
time  and  heating.  It  is  believed,  therefore, 
that  our  results  on  the  stability  of  phases 
which  were  obtained  during  the  limited 
durations  of  our  experiments  can  be  gen- 
erally applied  to  geologic  conditions.  This 
justifies  the  somewhat  loose  term  "low"- 
cordierite  and  restricts  the  significance  of 
the  quotation  marks  around  low  to  a 
reminder  for  the  reader  that  the  cordierite 
has  not  attained  its  lowest  possible  form. 

Figure  30  summarizes  the  relations 
among  the  various  forms. 

Stability  of  high-cordierite  in  the  system 
MgO-AhOz-Si02.  It  has  been  pointed 
out  before  (Year  Book  58,  pp.  99-100) 
that  for  cordierites  within  the  ternary 
system  MgO-Al203-Si02  there  is  no  fixed 
temperature  or  even  temperature  range 
for  the  stable  transition  of  "low"-  into 
high-cordierite.  It  was  found  that  the 
temperature  of  transition  is  largely  de- 
pendent on  the  bul\  composition  of  the 
particular  melt.  In  other  words,  the  tem- 
perature at  which  a  cordierite  undergoes 


the  transition  is  determined  by  its  chemical 
environment.  For  many  of  our  composi- 
tions the  transition  was  enhanced  by  the 
development  of  liquid  above  the  solidus 
temperature  of  the  particular  bulk  compo- 
sition. In  others,  "low"-cordierite  gradually 
inverted  to  the  high  form  even  at  sub- 
solidus  temperatures,  whereas  in  a  third 
set  of  compositions  only  "low"-cordierites 
were  found  to  be  stable  even  in  the  pres- 
ence of  large  amounts  of  liquid  and  even 
at  temperatures  at  which  cordierites  of 
other  bulk  compositions  were  always  high- 
cordierites. 

Although  we  found  recently  that  cordi- 
erites above  1320°  C  and  particularly  in 
the  presence  of  liquid  may  indeed  exhibit 
a  limited  range  of  solid  solution  toward 
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Fig.  30.  Relations  between  various  structural 
states  of  cordierite. 

the  theoretical  compound  "Mg-beryl," 
MgsALSieOig,  we  believe  that  the  struc- 
tural transitions  in  cordierite  are  independ- 
ent of  the  composition  of  the  cordierite 
solid  solution.  One  reason  for  this  assump- 
tion is  that  transitions  may  take  place  at 
subsolidus  temperatures  at  which  the 
composition  of  cordierite  is  invariably 
2MgO,2Al203,5Si02.  The  second  reason 
is  that  for  a  fixed  temperature  the  tie  lines 
between  the  liquid  and  "low"-cordierite 
crystals,  which  do  not  undergo  a  transi- 
tion, would  have  to  cross  the  tie  lines  be- 
tween liquid  and  high-cordierite  solid  solu- 
tions for  the  same  temperature.  This, 
however,  is  impossible  from  the  physical- 
chemical  point  of  view. 

Thus,  there  are  three  different  types  of 
structural  behavior  of  cordierites,  which 
are  represented  by  three  groups  of  bulk 
compositions.  The  position  of  these  groups 
in  the  system  MgO-Al203-Si02  is  shown 
in  figure  31.    The  significant  feature  of 
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this  distribution  is  that  it  is  largely  inde- 
pendent of  the  MgO  contents  of  the 
compositions,  because  the  boundaries  be- 
tween the  three  areas  follow  approximately 
lines  of  constant  Al/Si  ratios.  If  we  express 
this  in  terms  of  the  molar  ratio  Al203/Si02 
we  can  say  that  bulk  compositions  with 
ratios  smaller  than  about  1 : 5  have  only 
"low"-cordierites    stable    throughout    the 


Apart  from  these  relations  of  the  cor- 
dierite  polymorphs  in  the  system  MgO- 
Al203-Si02  the  reader  is  reminded  (Year 
Book  58,  p.  100)  that  high-cordierite  may 
form  metastably  from  any  bulk  composi- 
tion at  any  temperature  at  which  cordierite 
can  be  crystallized  as  a  phase,  if  the  ther- 
mal treatment  is  short.  High-cordierite 
was  thus  found  to  be  the  first  form  of 
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Fig.  31.  System  MgO-Al203-Si02  showing  subsolidus  tie  lines  below  1320°C  and  compositions 
studied  (solid  dots).  The  heavy  lines  separate  three  areas  of  bulk  compositions  characterized  by 
different  types  of  structural  behavior  of  the  phase  cordierite.  Numbers  along  Al203-Si02  side  as 
well  as  within  the  triangle  indicate  molar  ratios  of  Al203/Si02. 


temperature  range  in  which  cordierite  is 
present  as  a  phase.  Bulk  compositions 
with  ratios  between  1:5  and  1:2.5  (the 
latter  ratio  applies  for  cordierite  composi- 
tion 2MgO-2Al203-5Si02  itself)  form 
high-cordierite  only  in  the  presence  of 
liquid,  and  bulk  compositions  with  higher 
ratios  than  1 : 2.5,  that  is  very  aluminous 
mixtures,  show  transitions  at  subsolidus 
temperatures.  The  boundaries  between  the 
three  compositional  fields  are  independent 
of  the  directions  of  the  liquidus  isotherms. 


cordierite  to  crystallize  under  any  condi- 
tions. Metastable  high-cordierite  which 
crystallized  from  glass  of  pure  cordierite 
composition  at  1000°  C  was  found  to  per- 
sist at  this  temperature  for  as  long  as 
301  days  without  any  signs  of  inversion 
into  "low"-cordierite.  This  transition  can 
be  accelerated  by  higher  temperatures  of 
crystallization.  Figure  32  gives  the  rate 
curve  for  the  increase  of  A  for  pure  cor- 
dierite composition  2MgO  •  2A1203  *  5Si02, 
crystallized  from  glass  at  1400  °C,  using  a 
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logarithmic  scale  for  the  crystallization 
time.  It  is  apparent  from  the  figure  that 
the  main  transition  from  high-  into  "low"- 
cordierite  at  this  temperature  is  a  rather 
rapid  one,  taking  place  within  a  day  or 
two,  whereas  the  further  increase  of  the 
structure  index  in  excess  over  A  =  0.20°  is 
an  extremely  sluggish  process.  This  con- 
tributes to  the  significance  of  the  dividing 
line  between  intermediate  states  and  "low"- 
cordierite,  chosen  as  A  =  0.20°  (fig.  30). 
With  respect  to  different  temperatures  of 
crystallization,  the  magnitude  of  the  final 
structure  index  A  attained  is  proportional 
to  the  product  of  the  crystallization  tem- 
perature and  the  crystallization  period. 


I400°C 


I  week     I  month 


log  time 


Fig.  32.  Increase  of  the  structure  index  A  of 
anhydrous  Mg-cordierite  with  time  of  heating 
at  1400°C,  1  atm.  Starting  material  is  glass  of 
composition  2MgO  •  2Al2Os  •  5Si02. 

Stability  of  high-cordierite  in  the  plane 
cor dierite-al bite-silica  within  the  quater- 
nary system  Na20-MgO-AhOz-Si02.  In 
order  to  ascertain  the  influence  of  liquid  on 
the  cordierite  transition,  several  bulk 
compositions  within  the  plane  cordierite- 
albite-silica  have  been  run  at  various  tem- 
peratures for  various  lengths  of  time,  and 
the  structural  states  of  their  cordierites 
have  been  studied.  The  melting  relations 
of  these  compositions  had  been  studied 
previously  by  Schairer  (Year  Book  56,  pp. 
217-222),  who  indicated  that  all  the 
compositions  within  this  plane  begin  to 
melt  at  1045°±10°C.  In  the  six  composi- 
tions which  were  chosen  for  study  cordier- 
ites are  stable  up  to  temperatures  between 
1312°  and  1433  °C.  They  are  thus  in 
equilibrium  with  increasing  amounts  of 
liquid  over  a  range  of  300°  to  400  °C. 
Despite  this  fact  we  found  "low"-cordier- 
ites  stable  up  to  the  highest  temperatures 


at  which  cordierites  were  present  as  a 
phase.  The  computed  molar  ratios  of 
Al203/Si02  of  the  compositions  were  all 
below  1 : 4.40,  suggesting  that  the  presence 
of  Na20  might  exert  a  certain  influence  on 
the  lower  limit  of  AI2O3  contents  for 
a  potential  transition  in  cordierite,  possibly 
because  Al  in  the  liquid  is  being  tied  up 
in  structural  units  preparatory  to  the  for- 
mation of  albite. 

In  agreement  with  our  experience  in  the 
ternary  system  MgO-Al203-Si02  we 
found  that  high-cordierites  form  meta- 
stably  at  all  temperatures  if  the  time  of 
crystallization  is  short.  If  long  runs  con- 
taining "low"-cordierite  in  equilibrium 
with  liquid  were  not  quenched  rapidly 
but  rather  cooled  slowly  over  a  period  of 
several  hours  by  shutting  off  the  power 
to  the  furnace,  thus  allowing  more  cor- 
dierite to  crystallize,  the  X-ray  patterns 
showed  physical  mixtures  of  "low"-  with 
metastable  high-cordierites. 

Stability  of  high-cordierite  in  the  fused 
shale  from  Bo\aro  coal  field,  India.  Bulk 
compositions  in  the  plane  cordierite- 
albite— silica  can  be  compared  in  composi- 
tion with  natural  rocks,  which  upon  high- 
temperature  treatment  may  consist  of  cor- 
dierite crystals  in  a  glassy  matrix.  These 
rocks,  if  formed  by  thermal  metamor- 
phism  of  shallow  basic  intrusions,  are 
usually  called  buchites,  or  if  they  are  re- 
lated to  burning  coal  seams  are  called 
paralavas  or  fused  shales.  It  was  in  the 
fused  shale  from  Bokaro  coal  field  in 
India  that  high-cordierite  was  first  dis- 
covered (Miyashiro  and  Iiyama,  1954), 
and  it  was  in  a  buchite  of  arkosic  composi- 
tion from  the  Hebrides  that  intermediate- 
state  cordierites  of  unusually  low  A  values 
were  found   (Wyllie,  1959). 

Although  natural  rocks  are  multicom- 
ponent  systems  which  are  very  difficult 
to  handle  experimentally,  a  few  runs  were 
made  on  the  fused  shale  from  Bokaro  coal 
field,  specimen  23/951  (Geological  Survey 
of  India),  in  which  high-cordierite  had 
been    discovered.     This     specimen     was 


GEOPHYSICAL  LABORATORY        89 


kindly  provided  by  Dr.  A.  P.  Subra- 
maniam  and  Mr.  V.  Venkatesh  of  the 
Geological  Survey  of  India.  Our  investiga- 
tion was  simplified  by  the  fact  that  we 
were  mainly  interested  in  the  form  of 
cordierite  to  crystallize  and  only  to  a  lesser 
extent  in  the  melting  relations. 

Runs  were  made  in  air  in  platinum 
envelopes  and  in  sealed  platinum  tubes. 
No  appreciable  differences  were  found 
in  results  obtained  by  the  two  methods. 
Under  these  conditions  the  liquidus  tem- 
perature of  specimen  23/951  was  deter- 
mined as  1340°±10°C.  Between  this 
temperature  and  1295°  ±5°C  only  traces 
of  brown  spinel  or  possibly  perovskite  are 
in  equilibrium  with  a  liquid,  which  can 
be  quenched  to  a  glass  of  a  refractive  index 
around  1.560.  At  1295°  ±  5  °C  cordierite 
comes  in,  and  this  is  joined  by  an  opaque 
mineral  at  about  1210°C.  Crystallization 
of  pyroxenes  and  feldspars  at  still  lower 
temperatures  has  not  been  pursued.  The 
conditions  of  our  experiments  are  probably 
not  too  different  from  those  prevailing  at 
the  time  when  the  burning  of  the  coal 
seams  took  place  under  surface  conditions. 
The  fact  that  cordierite  starts  to  crystallize 
at  1295°  ±5°C  in  the  absence  of  crystalline 
magnetite  or  hematite  shows  that  the  oxi- 
dation state  of  the  rock  has  probably  not 
changed  appreciably  during  the  course  of 
our  experiments. 

The  thermal  behavior  of  cordierite  is  as 
follows:  The  starting  material,  of  course, 
contains  high-cordierite.  In  runs  at  1250  °C 
of  only  2  hours'  duration  no  changes  of 
the  structural  state  were  observed.  After 
24  hours  at  the  same  temperature  inter- 
mediate-state cordierite  with  a  structure  in- 
dex A  =  0.17°  had  developed,  and  after  7 
days  "low"-cordierite  with  A  =  0.25°  was 
obtained  despite  the  presence  of  large 
amounts  of  liquid.  Closer  to  the  liquidus 
temperature,  at  1290  °C,  after  7  days,  the 
structure  index  was  found  to  be  0.26°,  al- 
though only  a  very  small  amount  of  cor- 
dierite was  present.   At  1000° C  high-cor- 


dierite persisted  for  19  days  without  nota- 
ble changes. 

It  can  be  concluded  from  these  data  that 
the  structural  behavior  of  the  cordierites 
in  this  rock  is  in  agreement  with  those  in 
the  simplified  "haplobuchites"  having 
compositions  in  the  plane  cordierite-albite- 
silica.  No  chemical  analysis  of  specimen 
23/951  is  available.  Some  compiled  analy- 
ses of  other  natural  buchites,  however,  all 
exhibited  molar  ratios  of  Al203/Si02  be- 
tween 1:17.15  and  1:4.46.  It  seems  likely, 
therefore,  that  they  would  fall  into  a  range 
in  which  high-cordierite  is  not  stable  under 
any  circumstances. 

Conclusions.  The  experimental  deter- 
minations of  the  stability  range  of  high- 
cordierite  in  various  bulk  compositions 
greatly  restrict  the  potential  use  of  the 
structural  state  of  cordierite  as  a  geother- 
mometer.  These  studies  show  that  the 
bulk  composition  markedly  influences  the 
transition.  For  many  bulk  compositions 
common  among  natural  rocks  the  transi- 
tion is  even  absent.  Furthermore,  meta- 
stable  states  seemingly  indicative  of  ele- 
vated temperatures  may  actually  form  over 
a  wide  range  of  temperatures  and  persist 
for  long  periods,  particularly  at  low  tem- 
peratures. 

Although  the  structural  state  of  cordi- 
erite cannot  be  used  incontrovertibly  in 
geothermometry,  this  property  has  poten- 
tially an  even  more  interesting  application : 
If  high-cordierites  or  intermediate-state 
cordierites  are  found  in  glassy  rocks  of  low 
Al/Si  ratios,  it  may  be  concluded  that  the 
time  of  heating  of  these  rocks  at  the  high 
temperature  at  which  cordierites  coexisted 
with  liquid  was  short,  so  that  the  more 
stable  structural  state  ("low"-cordierite) 
was  not  attained.  If  the  temperature  was 
originally  high  enough  that  all  the  cordi- 
erite was  melted,  the  presence  of  high- 
cordierite  means  that,  although  cooling  was 
slow  enough  to  get  the  cordierite  to  crys- 
tallize, it  was  not  slow  enough  for  cordi- 
erite to  reach  its  stable  structural  state. 

If  high-cordierite  or  intermediate-state 
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cordierites  occur  in  well  crystallized  sub- 
surface rocks  such  as  pegmatites,  granites, 
and  even  metamorphic  rocks,  which  ap- 
pears to  be  a  fairly  rare  case,  the  interpre- 
tation is  more  complex.  It  seems  unlikely 
to  the  writers  that  cordierites  in  deep- 
seated  rocks  were  ever  formed  in  a  stable 
field  of  high-cordierite,  simply  because  the 
high  temperatures  necessary  do  not  seem 
to  be  available,  even  in  the  case  of  highly 
aluminous  rocks  such  as  emery  deposits, 
where  the  transition  may  take  place  in  the 
absence  of  liquid.  High-cordierites  or  in- 
termediate-state cordierites  encountered  in 
deep-seated  rocks  (see  Miyashiro,  1957, 
p.  54),  therefore,  are  likely  to  have  formed 
metastably.  The  fact  that  they  are  still  pre- 
served as  such  can  only  mean  that  the 
temperature  was  not  maintained  long 
enough  to  produce  the  stable  polymorph. 
Therefore,  the  time  of  crystallization  is 
the  primary  factor  for  the  development  of 
the  structural  state.  The  influence  of  tem- 
perature is  the  opposite  from  what  was  ex- 
pected originally :  The  lower  the  tempera- 
ture of  formation  of  a  cordierite-bearing 
rock,  the  higher  the  chance  of  preserving 
metastable  structural  states,  if  constant 
times  of  crystallization  are  assumed. 

For  these  reasons  the  structural  state  of 
cordierite  might  be  used  as  a  sort  of  geo- 
logical timer  for  the  crystallization  history 
of  the  particular  rock.  However,  it  must 
be  borne  in  mind  that  experiments  at 
atmospheric  pressure  represent  a  rather 
special  case.  Studies  by  Schreyer  and 
Yoder  in  the  dry  system  MgO-Al203-Si02 
under  high  confining  pressures  indicate 
that  the  rates  of  transition  of  metastable 
high-cordierite  to  "low"-cordierite  increase 
with  increasing  pressure.  Free  water  va- 
por as  an  additional  component  increases 
the  rates  even  more.  Conclusions  on  the 
crystallization  history  of  a  cordierite-bear- 
ing rock  from  the  structural  state  of  its 
cordierite,  therefore,  can  be  drawn  in  only 
a  very  general  qualitative  way,  unless  in- 
dependent information  is  available  about 
the  initial  conditions  during  its  formation. 


Instability  of  Anhydrous  Mg-Cordierite 
at  High  Pressures 

W.  Schreyer  and  H.  S.  Yoder,  Jr. 

The  upper  stability  limit  of  anhydrous 
Mg-cordierite  of  the  composition  2MgO 
2Al203'5Si02  at  atmospheric  pressure  is 
given  by  its  incongruent  melting  to  mull- 
ite  and  liquid,  which  takes  place  at 
1465°  ±  2°  C  (Schreyer  and  Schairer,  Year 
Book  58,  pp.  98-100).  Experimental  studies 
indicate  that  this  relation  does  not  hold 
at  high  confining  pressures.  Above  8000 
bars,  anhydrous  Mg-cordierite  breaks 
down  at  elevated  temperatures  into  other 
anhydrous  phases  without  the  formation 
of  liquid.  The  only  other  cases  of  hetero- 
geneous breakdown  of  an  anhydrous  min- 
eral at  high  pressures  reported  so  far  are  the 
breakdown  of  albite  — >  jadeite  +  quartz 
(Birch  and  LeComte,  1960)  and  nephe- 
line  —>  nepheline  II  +  jadeite  (Boyd  and 
England,  Year  Book  55). 

Glass  of  the  composition  2MgO  *  2A1203  • 
5Si02  and  synthetic  anhydrous  Mg-cor- 
dierite previously  crystallized  from  the 
same  glass  at  1400  °C,  1  atm,  were  run 
simultaneously  in  sealed  platinum  tubes  at 
pressures  up  to  10,000  bars  and  tempera- 
tures between  900°  and  1400  °C.  Owing 
to  the  nature  of  the  experiments  the  pres- 
sure exerted  on  the  charge  was  not  purely 
hydrostatic;  some  shearing  stress  was  gen- 
erated between  the  platinum  wall  of  the 
tube  and  the  solid  as  well  as  along  inter- 
grain  boundaries  of  the  solid  itself.  It  is 
believed,  however,  that  shearing  stress  is 
not  the  cause  of  the  breakdown  of  cordi- 
erite in  the  solid  state:  Experiments  per- 
formed in  open  tubes  under  pure  argon 
pressure  led  to  a  similar  breakdown;  how- 
ever, the  rates  were  more  sluggish  and 
additional  metastable  phases  were  formed. 

Two  different  breakdown  reactions  were 
encountered  in  the  temperature-pressure 
range  under  investigation : 

1.  Cordierite— >enstatite  +  sillimanite  (or 
mullite)  4- quartz.  The  reaction  takes  place 
at  10,000  bars,  1000°  to  1100°C.  Because  of 
the  small  amounts  of  aluminum  silicate 
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present  no  decision  as  to  whether  it  was 
sillimanite  or  mullite  was  possible. 

2.  Cordierite— >sapphirine  +  quartz.  The 
reaction  takes  place  at  pressures  between 
8000  and  10,000  bars  at  1200°C  or  above. 
If  sapphirine  is  of  the  composition  4MgO  • 
5Al2CV2Si02  (Foster,  1950),  there  should 
also  be  a  small  amount  of  a  Mg-silicate 
among  the  breakdown  products,  though 
not  enough  to  be  detected  by  X  ray. 

The  reaction  rates  of  the  breakdown 
generally  increase  with  increasing  tempera- 
ture. Reaction  2,  therefore,  can  be  brought 
to  completion  within  several  days,  whereas 
reaction  1  is  far  more  sluggish.  Usually, 
even  when  glass  was  used  as  starting  ma- 
terial, cordierite  was  found  together  with 
the  breakdown  products.  This  cordierite 
is  believed  to  have  formed  from  the  glass 
during  the  time  (10  to  20  minutes)  within 
which  the  temperature  was  raised  to  the 
desired  value. 

The  exact  positions  of  the  boundary 
curves  between  the  various  fields  have  not 
been  determined  in  detail.  The  data  sug- 
gest that  the  slopes  of  the  curves  for  the 
breakdown  reactions  of  cordierite  are  nega- 
tive; i.e.,  with  increasing  temperatures  the 
breakdown  takes  place  at  successively 
lower  pressures.  Unless  this  is  due  to  the 
sluggish  rate  of  reaction  at  lower  tempera- 
tures, the  upper  stability  limit  of  Mg-cor- 
dierite  at  high  pressures  is  given  by  a  curve 
which  is  more  or  less  perpendicular  to 
the  probable  course  of  the  geothermal  gra- 
dient within  the  earth's  crust  (Birch,  1955) . 
It  is  to  be  expected,  therefore,  that  below  a 
certain  depth  cordierite  would  not  be  stable 
in  natural  rocks,  but  would  be  replaced  by 
assemblages  of  higher  density.  Approxi- 
mations indicate  that  this  critical  depth  is 
near  the  base  of  the  continental  crust. 

Hydrous  Mg-Cordierite 
W.  Schreyer  and  H.  S.  Yoder,  Jr. 

Chemical  analyses  of  most  natural  cor- 
dierites  show  measurable  quantities  of 
H20+.  It  has  long  been  debated  whether 
this  water  is  in  the  cordierite  structure  or 


may  be  due  to  alteration  products.  Far- 
rington  (1892),  for  example,  gave  the 
composition  of  the  mineral  as  2RO* 
2R203-5Si02-1/2H20.  Doelter  (1917),  on 
the  other  hand,  attributed  the  water  con- 
tent to  the  incipient  alteration  of  cordierite 
into  hydrous  products.  That  conclusion 
was  based  on  the  fact  that  cordierite  could 
be  synthesized  in  water-free  environments. 

Recent  studies  in  the  dry  system  MgO- 
Al203-Si02  (Schreyer  and  Schairer,  this 
report)  confirm  the  view  that  cordierites, 
with  all  their  structural  peculiarities  (see 
above),  can  be  synthesized  without  water. 
The  question  whether  water  can  enter  the 
cordierite  structure  is  amenable  to  hydro- 
thermal  investigations.  If  dry  Mg-cordi- 
erites,  which  have  a  mean  refractive  index 
of  1.523  ±0.003,  are  treated  hydrothermally 
under  various  temperatures  and  water 
pressures,  a  marked  increase  of  the  refrac- 
tive index  takes  place.  The  same  cordierites 
can  be  synthesized  under  identical  P-T 
conditions  directly  from  glass  of  appropri- 
ate composition  in  the  presence  of  excess 
water.  No  appreciable  differences  in  the 
X-ray  powder  patterns  of  dry  and  hydro- 
thermal  cordierites  could  be  detected.  Both 
hydrous  and  anhydrous  experiments 
yielded  high-cordierites,  "low"-cordierites, 
and  intermediate  structural  states  (see  fig. 
30)  under  appropriate  conditions. 

Water  determinations  on  three  samples 
of  hydrothermal  Mg-cordierites  synthe- 
sized within  their  stability  field  (see  Year 
Book  58,  pp.  100-104)  were  kindly  made 
by  Dr.  I.  Friedman  of  the  U.  S.  Geological 
Survey  using  the  analytical  procedure  de- 
scribed by  Friedman  (1958).  The  results 
plotted  versus  the  mean  refractive  indices 
of  the  cordierite  samples  are  shown  in  fig- 
ure 33.  It  can  be  seen  that  within  experi- 
mental error  a  linear  relationship  exists 
between  the  two  variables.  Since  1.546  ± 
0.003  was  found  to  be  the  highest  refrac- 
tive index,  it  can  be  concluded  that  the 
maximum  water  content  of  Mg-cordier- 
ites at  water  pressures  up  to  10,000  bars  is 
about    2.75    weight    per    cent    (2MgO* 
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2Al203-5Si02-H20  would  contain  2.99 
weight  per  cent  H2O).  As  the  crystalline 
materials  always  consisted  of  a  single  phase 
it  is  concluded  that  the  water  is  actually 
contained  in  the  cordierite  structure  and 
not  in  any  secondary  hydrous  alteration 
products. 

The  occurrence  of  water  in  the  structure 
of  unaltered  cordierites  necessitates  certain 
changes  in  the  nomenclature  of  cordierite. 
Karkhanavala  and  Hummel  (1953)  con- 
sidered the  difference  in  refractive  indices 
to  be  due  to  a  polymorphic  change  and 
named  the  two  forms  a-  or  high-cordierite 
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Fig.  33.  Plot  of  analyzed  water  content  of 
synthetic  Mg-cordierites  vs.  their  measured  mean 
indices  of  refraction. 

and  3-  or  low-cordierite.  Miyashiro  (1957) 
confirmed  this  high-low  inversion,  which 
he  found  to  be  independent  of  the  transi- 
tion from  hexagonal  to  orthorhombic  cordi- 
erite. Since  the  present  data  show  conclu- 
sively that  the  difference  in  index  is  due 
to  compositional  rather  than  polymorphic 
variations,  there  is  no  justification  for  the 
use  of  the  prefixes  high,  low,  a,  and  (3 
for  this  relationship.  We  suggest  calling 
cordierites  containing  water  hydrous  cor- 
dierites preferably  with  a  numerical  nota- 
tion of  the  amounts  in  weight  per  cent. 
Similarly,  cordierites  without  water  should 
be  called  anhydrous  cordierites. 

The  variability  of  the  water  content  of 
hydrous  cordierite  is  apparently  due  to 
differing  conditions  during  formation.  As 


a  general  rule  the  water  content  and  simi- 
larly the  mean  refractive  indices  of  hy- 
drous cordierites  increase  with  increasing 
water  pressures  and  decreasing  tempera- 
tures up  to  maximum  values.  Thus  for 
every  water  pressure  and  temperature 
within  the  stability  field  of  cordierite  there 
should  be  a  cordierite  with  a  fixed  water 
content.  Experimental  determinations  of 
these  equilibrium  water  contents  meet 
with  quench  problems,  because  with  the 
high-pressure  equipment  in  use  the  tem- 
perature cannot  be  dropped  instantane- 
ously. Thus  the  three  possible  types  of 
quench  (quench  with  pressure  main- 
tained; quench  at  gradually  decreasing 
pressure  according  to  Kennedy's  [1950] 
curves;  and  quench  with  instantaneous 
pressure  release,  i.e.  "blow  quench")  may 
all  yield  different  results,  none  of  which 
may  be  representative  of  the  original  pres- 
sure and  temperature  of  the  run.  The  re- 
sults obtained  by  means  of  the  first  quench- 
ing method  (P  maintained)  are  summa- 
rized in  the  P-T  diagram  of  figure  34.  The 
gradual  decrease  of  the  water  content  with 
increasing  temperature  at  constant  pres- 
sure indicates  that  cordierites  containing 
little  or  no  water  under  the  conditions  of 
the  run  cannot  be  completely  hydrated 
during  the  quench.  On  the  other  hand,  the 
absence  of  anhydrous  cordierites  at  low 
water  pressures  and  high  temperatures 
suggests  that  a  partial  hydration  of  origi- 
nally anhydrous  cordierite  may  take  place 
during  the  quench.  The  highest  water 
contents  are  confined  to  high  water  pres- 
sures. Thus  a  high  water  content  of  a 
natural  unaltered  cordierite  might  serve 
as  an  indication  of  the  minimum  water 
pressure  which  the  rock  endured. 

The  thermal  stability  of  hydrous  Mg- 
cordierite  at  atmospheric  pressure  has  been 
determined  by  independent  methods.  It 
was  found  in  the  hydrothermal  experi- 
ments that  at  temperatures  above  750  °C 
anhydrous  cordierites  were  obtained  at  any 
Ph2o  when  the  bomb  was  blow-quenched. 
At  700  °C  a  decrease  in  the  mean  index  of 
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Fig.  34.  P-T  diagram  of  the  system  Mg-cordierite-water  outlining  the  stability  field  of  the  phase 
Mg-cordierite  (heavy  lines).  Numbers  indicate  the  measured  values  of  the  mean  index  of  refrac- 
tion of  Mg-cordierites  with  identical  structure  index  A  =  0.25°.  Dashed  lines  show  approximate 
directions  of  isofracts  which  on  the  basis  of  figure  33  may  be  considered  "isohydrons." 


about  0.005  was  recognized  during  the 
blow  quench,  whereas  no  obvious  water 
loss  could  be  ascertained  during  a  blow 
quench  from  600  °C.  To  investigate  these 
relations  in  a  more  quantitative  fashion, 
thermobalance  experiments  were  under- 
taken. Through  the  arrangements  kindly 
made  by  Dr.  Emilie  Jager  of  the  Univer- 
sity of  Bern,  this  work  was  performed  by 
the  Research  Laboratory  of  the  Societe 
anonyme  des  appareils  de  mesure  et  de 
laboratoire  in  La  Chaux-de-Fonds,  Swit- 
zerland, using  a  highly  sensitive  thermo- 
balance of  new  design.  The  sample  had 
been  synthesized  at  2000  bars  water  pres- 
sure, 600  °C,  69  hours,  using  anhydrous 
Mg-cordierite  as  starting  material.  The 
rate  of  increase  in  temperature  was  chosen 
as  150°  per  hour.  The  results  obtained, 
redrawn  from  the  original  curves,  are 
shown  in  figure  35.  It  is  apparent  from 
this  plot  that  the  water  loss  commenced 
slowly  at  temperatures  around  200  °C 
and   increased   as   a   first   approximation 


at  a  steady  rate  up  to  about  700° C; 
above  this  temperature  the  weight  re- 
mained constant  up  to  1050  °C.  The  total 
weight  loss  of  2  per  cent  is  in  reasonable 
agreement  with  the  water  determination 
mentioned  previously,  which  was  made  by 
a  different  method.  The  shape  of  the  curve 
is  almost  identical  to  the  one  obtained  by 
Iiyama    (1958)    on   a   sample   of  natural 
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Fig.  35.  Weight-loss  curve  of  hydrous  Mg- 
cordierite  that  had  been  synthesized  at  2000  bars 
water  pressure  and  600°C.  The  curve  was  re- 
drawn from  the  original  thermobalance  curve 
by  using  the  points  for  which  the  corresponding 
temperatures  had  been  indicated  (open  circles) 
and  for  which  the  weight-loss  data  have  been 
corrected  from  a  blank  run. 
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cordierite.  Geologically  speaking,  the  ther- 
mobalance  data  indicate  that  it  is  unlikely 
that  natural  hydrous  cordierites  would  lose 
their  water  under  surface  conditions  unless 
a  new  thermal  event  (volcanic  activity, 
etc.)  took  place.  Cordierites  in  volcanic 
ejecta  such  as  the  one  from  Asama  Vol- 
cano, Japan  (Iiyama,  1956),  therefore,  are 
likely  to  be  anhydrous  cordierites. 

One  of  the  important  questions  to  be 
raised  is  the  structural  position  of  water  in 
cordierite.  The  analogous  behavior  of  ar- 
gon in  cordierite  (see  below)  strongly  sug- 
gests that  water  is  present  as  molecular 
H20  in  the  ring  channels  of  the  cordierite 
structure  and  that  it  is  not  bonded  ionically. 
This  view  is  supported  by  the  relatively 
steady  water  loss  over  a  wide  temperature 
range,  found  in  the  thermobalance  run. 
Bonded  OH"  groups  in  the  structure  of 
hydrous  cordierite  would  be  expected  to 
be  released  at  a  particular  temperature,  re- 
sulting in  a  steep  slope  of  the  water-loss 
curve.  Furthermore,  a  substitutional  type 
of  water  in  the  structure,  such  as  in  hydro- 
garnets,  should  result  in  a  decrease  rather 
than  in  an  increase  of  the  optical  refrac- 
tive index,  as  well  as  in  the  formation  of 
a  second  crystalline  phase,  when  the  an- 
hydrous starting  material  was  of  the  com- 
position 2MgO-2Al203-5Si02. 

Infrared  studies  on  synthetic  hydrous  Mg- 
cordierite  were  performed  independently 
by  R.  J.  P.  Lyons  from  the  Kennecott  Cop- 
per Corporation,  Salt  Lake  City,  Utah,  us- 
ing KBr  media,  and  by  E.  R.  Lippincott 
and  C.  E.  Weir  from  the  National  Bureau 
of  Standards  in  Washington,  D.  C,  using 
sapphire  anvils  without  media.  The  data 
obtained  indicate  that  two  types  of  water 
are  present:  "free  water"  (probably  identi- 
cal with  molecular  H2O)  and  smaller 
amounts  of  "bound  water"  (probably  OH" 
groups) .  On  the  basis  of  the  experimental 
evidence  mentioned  previously  it  is  as- 
sumed that  the  bound  type  can  represent 
only  a  very  small  fraction  of  the  total  water 
in  cordierite.  The  linear  relationship  be- 
tween water  content  and  mean  refractive 
index  indicates  that  the  ratio  between  the 


two  types  of  water  must  remain  constant 
with  variable  total  water  content.  It  seems 
possible  that  the  slight  change  in  slope  of 
the  weight-loss  curve  around  500  °C  may 
be  due  to  the  release  of  these  small  amounts 
of  bound  water.  The  experimental  results 
have  not  yielded  incontrovertible  evidence 
about  the  type  of  substitution.  It  seems 
possible  that  in  analogy  to  hydrogarnets 
a  substitution  Si— >4H  may  take  place.  The 
member  of  this  substitution  series  with  one 
Si  replaced  per  cordierite  molecule  has  a 
theoretical  water  content  of  6.43  weight 
per  cent.  Therefore,  this  substitution  can 
have  only  a  very  limited  range  in  the  hy- 
drous cordierites  synthesized. 

Synthesis  of  an  Argon-Containing 
Cordierite 

W.  Schreyer,  H.  S.  Yoder,  and  L.  T.  Aldrich  7 

In  the  course  of  high-pressure  studies  on 
the  breakdown  of  anhydrous  Mg-cordier- 
ite  it  was  desirable  to  perform  experiments 
in  which  the  force  exerted  on  the  solids 
was  free  from  any  shearing  stress  caused 
by  Pt-crystal  and  crystal-crystal  interfaces 
but  was  purely  hydrostatic.  This  was 
achieved  by  running  open  Pt  tubes  con- 
taining the  solid  in  the  apparatus  described 
by  Yoder  (1950£),  in  which  argon  gas  was 
the  pressure  medium. 

The  starting  materials  used  in  the  ex- 
periment were  glass  of  pure  cordierite 
composition  (2MgO*2Al203*5Si02)  and 
synthetic  anhydrous  Mg-cordierite  (A  = 
0.25°),  which  had  been  crystallized  previ- 
ously from  the  same  glass  at  atmospheric 
pressure  and  1400 °C  for  13  days.  Since  the 
starting  materials  as  well  as  the  products 
after  the  runs  were  fine-grained,  loose 
powders,  it  is  apparent  that  all  the  solid 
grains  must  have  been  surrounded  by  the 
inert  gas  during  the  experiment.  Crystal- 
line cordierite  held  at  10,000  bars  argon 
pressure  and  900  °C  for  5  hours  showed  a 
mean  index  of  1.547  ±0.003,  which  is  well 
above  the  1.523  ±0.003  value  of  the  start- 
ing material.   This  increase  cannot  be  at- 

7  Department  of  Terrestrial  Magnetism. 
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tributed  to  a  polymorphic  transition  under 
pressure,  because  experiments  performed 
under  the  same  conditions  but  with  the 
solid  contained  in  sealed  Pt  tubes  yielded 
cordierites  with  low  indices  (1.523).  There 
was  no  water  in  the  system,  the  presence 
of  which  is  known  to  result  in  a  similar 
increase  of  the  refractive  indices  of  the 
hydrous  cordierites  (see  p.  91).  It  was 
thus  suspected  that  argon  had  been  in- 
corporated into  the  cordierite  structure. 

Heat  treatment  at  atmospheric  pressure 
of  the  unusual  cordierite  supports  this 
view.  At  1000°±10°C  the  cordierite  re- 
gained its  original  refractive  index  (1.523) 
after  15  minutes.  At  770°±10°C  a  grad- 
ual decrease  of  the  mean  refractive  index 
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Fig.  36.  Decrease  of  the  mean  refractive  in- 
dex of  the  argon-containing  cordierite  with  time 
during  heat  treatment  at  770°C,  1  atm. 

was  observed  with  continued  heating  of 
the  sample.  In  figure  36  mean  indices  are 
plotted  versus  times  of  heating.  It  can  be 
seen  that  even  after  17  hours  the  index 
has  not  reached  its  initial  value  of  1.523  but 
lies  on  a  curve  which  is  approaching  this 
value  asymptotically. 

On  the  basis  of  this  knowledge  quantita- 
tive determinations  of  argon  using  mass 
spectrometric  and  analytical  techniques 
were  undertaken.  Argon  was  expelled  by 
heating  a  sample  of  1.70  mg  of  the  cordi- 
erite in  an  evacuated  silica-glass  tube  for 
2  hours  at  900  °C.  Quantitative  analysis 
of  the  gas  volume  produced  yielded  data 
which  indicate  that  the  cordierite  con- 
tained as  much  as  2  weight  per  cent  of 
argon.  A  second  sample  of  47.72  mg  was 
heated  similarly,  and  the  loss  as  deter- 
mined by  weighing  was  3  weight  per  cent. 


The  two  results  are  in  reasonable  agree- 
ment. 

The  experimental  results  obtained  on 
the  argon-containing  cordierites  are  of  in- 
terest for  various  reasons.  It  has  been 
shown  that  variable  amounts  of  water  con- 
tained in  Mg-cordierite  cause  a  more  or 
less  proportional  increase  of  the  refractive 
index  of  the  cordierite.  Since  the  inert  ele- 
ment argon  appears  to  behave  identically 
to  water,  it  may  be  concluded  that  both  are 
held  in  the  silicate  lattice  in  the  same  way. 
The  atoms  or  molecules  respectively  are 
probably  situated  in  the  ring  channels  of 
cordierite.  Comparison  of  the  thermobal- 
ance  data  for  hydrous  cordierite  (fig.  35) 
and  the  heating  curve  of  the  argon-con- 
taining cordierite  at  770  °C  suggests  that 
the  activation  energy  for  argon  in  cordier- 
ite must  be  higher  than  that  for  water. 
Once  trapped,  argon  appears  to  be  held 
more  tightly  in  the  cordierite  structure 
than  water. 

According  to  Bystrom  (1942)  the  unit 
cell  of  cordierite  consists  of  four  molecules 
Mg2Al3(AlSi5Oi8);  i.e.,  there  are  four 
rings  (AlSi5Oi8)  per  unit  cell.  If  every 
ring  were  filled  with  one  H20  molecule 
or  one  argon  atom,  the  cordierites  should 
contain  respectively  in  weight  per  cent  2.99 
H2O  or  6.40  argon.  These  values  are 
above  the  analyzed  contents  of  water  and 
argon  in  cordierite.  It  is  concluded,  there- 
fore, that  even  at  these  high  confining  pres- 
sures cordierite  retains  a  certain  number  of 
structural  holes. 

The  exact  position  of  the  foreign  atoms 
and  molecules  in  the  channels  is  not 
known.  From  By  Strom's  (1942)  data  the 
radius  of  the  ring  holes  within  the  planes 
of  the  rings  was  calculated  to  be  1.4  A  at 
1  atmosphere.  The  larger  cavities  between 
two  successive  rings  have  a  radius  equal 
to  2.2  A.  Thus  the  channels  along  the  c 
axis  of  cordierite  are  comparable  in  shape 
to  a  string  of  beads.  The  narrow  passages 
of  the  channels  would  be  just  wide  enough 
to  accommodate  another  oxygen  atom  of 
1.4-A  radius  and  thus  probably  also  the 
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slightly  larger  H20  molecule.  The  still 
larger  argon  atom  with  1.92-A  radius 
(Simon  and  von  Simson,  1924)  would  have 
to  be  situated  in  the  larger  openings  of 
the  channels.  It  is  of  considerable  inter- 
est in  this  connection  that  the  argon  atoms 
can  actually  be  forced  into  the  structure 
of  an  already  crystalline  cordierite  without 
destroying  its  structure,  although  these 
atoms  have  to  pass  initially  through  lineage 
structures  and  finally  through  the  narrow 
necks  of  the  channels  until  they  reach  their 
final  sites.  This  might  be  explained  by  the 
relatively  high  compressibility  of  argon  at 
high  pressures  (Bridgman,  1931,  p.  165). 
More  recent  compressibility  data  for  solid 
argon  (Stewart,  1955)  indicate  that  its 
compressibility  at  10,000  bars  exceeds  that 
of  analcite  at  the  same  pressure  (Yoder 
and  Weir,  1960)  by  one  order  of  magni- 
tude. Since  the  open  structure  of  analcite 
is  comparable  to  that  of  cordierite,  similar 
relations  are  to  be  expected  in  the  system 
cordierite-argon :  The  size  of  the  argon 
atoms  at  10,000  bars  may  thus  be  as  low  as 
1.48  A,  whereas  the  effective  radius  of  the 
ring  channels  of  cordierite  may  still  be 
about  1.37  A.  These  approximations  show 
that  at  high  pressures  the  channels  of 
crystalline  cordierite  may  be  open  for  ar- 
gon. The  higher  activation  energy  for 
argon  in  cordierite  may  also  be  due  to  the 
larger  size  of  the  trapped  atoms  with  re- 
spect to  the  effective  radius  of  the  channels. 
Although  the  structure  index  A  (0.25°) 
of  the  argon-containing  cordierite  had  not 
changed  relative  to  that  of  the  crystalline 
starting  material,  the  X-ray  pattern  showed 
a  number  of  changes  of  the  relative  intensi- 
ties of  minor  peaks.  Furthermore,  there  are 
additional  peaks  of  low  intensity  in  the 
pattern  that  are  not  present  in  anhydrous 
nonargon-containing  cordierite.  They  are, 
however,  possible  reflections  for  cordierite, 
their  intensities  being  zero  when  there  is 
no  argon  in  the  structure.  One  of  the 
peaks  coincides  with  a  major  peak  of 
quartz,  thus  creating  the  wrong  impression 
that  the  charge  consists  of  more  than  one 
phase.  All  the  additional  peaks  disappear 


and  the  relative  intensities  become  normal 
when  the  sample  is  heated  at  atmospheric 
pressure  and  1000  °C  for  as  little  at  15  min- 
utes, during  which  time  the  argon  is  driven 
off. 

Geologically  the  synthesis  of  an  argon- 
containing  cordierite  is  of  interest  with  re- 
gard to  the  work  by  Damon  and  Kulp 
(1958),  who  found  argon  and  helium  in 
cordierite  in  amounts  in  excess  of  that 
possibly  produced  by  the  radioactive  decay 
of  elements  contained  in  the  mineral.  In 
comparison  with  the  synthetic  material  the 
amount  of  argon  in  natural  cordierites  is 
smaller  by  a  factor  of  about  10~5.  It  can  be 
concluded  from  the  experimental  results 
that  cordierite  is  able  to  trap  large  amounts 
of  argon  in  its  structure.  The  trapping 
does  not  necessarily  have  to  take  place  dur- 
ing the  growth  of  the  crystals  but  may 
occur  later  during  any  event  when  the  par- 
tial pressure  of  argon  exerted  on  the  crys- 
tals is  sufficiently  high.  It  does  seem  pos- 
sible, therefore,  that  cordierites  in  rocks, 
which  after  their  formation  remained 
buried  within  the  crust  for  long  periods, 
can  indeed  incorporate  argon  and  helium 
derived  from  the  radioactive  decay  of  ele- 
ments present  in  minerals  such  as  biotite 
or  K-feldspar  which  coexist  with  cordierite 
in  these  rocks.  Such  a  process  may  also  ex- 
plain the  observation  of  Damon  and  Kulp 
(1958)  that  Precambrian  cordierites  con- 
tain more  argon  and  helium  than  cordier- 
ites formed  in  more  recent  geological  his- 
tory. 

The  synthesis  of  argon-bearing  cordier- 
ite also  suggests  possible  new  applications 
of  molecular  sieves.  Structures  such  as  cor- 
dierite could  probably  be  used  as  sieves  at 
temperatures  greater  than  those  at  which 
zeolites  are  normally  employed.  One  can 
also  envisage  the  separation  of  gases,  for 
example,  by  controlling  the  "hole"  size  of 
the  structural  sieve  by  pressure.  Crystal- 
line compounds  might  be  capable  of  exist- 
ing outside  their  ordinary  stability  field 
when  their  holes  were  filled  with  inert 
gases. 


GEOPHYSICAL  LABORATORY        97 


QUARTZ 


Metastable  Quartz  Solid  Solutions  in  the 
System  MgO-AWv-SiOz 

W.  Schreyer  and  J.  F.  Schairer 

Quartz,  one  of  the  commonest  minerals 
in  nature,  had  long  been  considered  to  be 
invariably  of  pure  Si02  composition.  In 
1952  Keith  and  Tuttle  found  variations  in 
the  high-low  inversion  temperatures  of 
quartz,  which  they  attributed  to  the  pres- 
ence of  small  amounts  of  ions  other  than 
Si4+  and  O2-.  Particularly  Li+  and  Al3+ 
were  found  to  enter  the  quartz  structure 
with  concomitant  effects  on  the  inversion 
temperature  as  well  as  on  the  stability 
limits  of  quartz  as  a  phase  (Roy  and  Os- 
born,  1949).  In  the  present  study  a  series 
of  metastable  quartz  structures  containing 
variable  amounts  of  Mg2+  and  Al3+  has 
been  synthesized  outside  the  stability  lim- 
its of  pure  quartz  (Si02).  It  was  found 
that  in  the  presence  of  large  amounts  of 
these  foreign  ions  high-quartz  could  be 
quenched  to  room  temperature  whereas  in 
quartz  members  with  less  Mg2+  and  Al3+ 
present  inversion  into  low-quartz  took 
place. 

Crystallization  of  glasses  with  composi- 
tions within  the  ternary  system  MgO- 
Al203-Si02  at  subsolidus  temperatures  be- 
tween 800°  and  1000  °C  leads  to  the  pri- 
mary formation  of  a  variety  of  metastable 
phases,  which  disappear  upon  further  heat 
treatment.  Most  common  among  these 
phases  is  the  series  of  metastable  solid 
solutions  with  a  quartz  structure  whose 
compositions  lie  along  the  line  Si02- 
MgAl204  (spinel).  The  member  crystal- 
lizing from  a  glass  of  cordierite  composi- 
tion (2Mg02Al2CV5Si02)  has  previ- 
ously been  called  u-cordierite  (Rankin  and 
Merwin,  1918).  Whereas  Karkhanavala 
and  Hummel  (1953)  had  attributed  a  (3- 
spodumene  (LiAlSi2Oe)  structure  to  this 
phase,  Schreyer  and  Schairer  (Year  Book 
57,  p.  198)  suggested  that  its  structure  be 
related  to  that  of  3-eucryptite  (LiAlSiO*), 
which  is  a  stuffed  high-quartz  derivative 


(Winkler,  1948).  This  relation  was  con- 
firmed by  Roy  (1959). 

In  the  course  of  experimental  work  on 
the  central  part  of  the  system  MgO-Al203- 
Si02,  glasses  of  18  compositions  along  the 
line  Si02-spinel  were  available  for  study. 
Their  Si02  contents  range  from  41.30  to 
73.24  weight  per  cent.  A  metastable  quartz 
solid  solution  as  the  only  crystalline  phase 
could  be  synthesized  from  each  of  these 
glasses.  With  increasing  amounts  of  Si02 
present  these  phases  were  found  to  persist 
for  longer  times  and  up  to  higher  tem- 
peratures. Their  cell  edge  a  decreased  con- 
comitantly and  gradually  approached  that 
of  pure  quartz  (Si02).  Accurate  correla- 
tions of  cell  sizes  and  compositions  are 
difficult  because  of  the  possibility  that  the 
materials  may  not  always  be  completely 
crystalline.  It  was  found  that  for  certain 
compositions  the  cell  sizes  of  the  meta- 
stable phases  changed  with  longer  periods 
of  crystallization. 

Optical  constants  are  exceedingly  diffi- 
cult to  determine  on  account  of  the  fine- 
grained nature  of  the  materials  and  the 
possible  presence  of  residual  glass.  Never- 
theless certain  trends  can  be  stated:  The 
mean  refractive  indices  (e+(o)/2  decrease 
with  increasing  Si02  content  from  1.560  ± 
0.005  to  1.535  ±0.003  for  the  range  of  bulk 
compositions  previously  indicated.  The 
values  of  birefringence  (e  — gj)  decrease 
from  about  0.009  to  zero.  The  latter  value 
was  obtained  when  the  composition  with 
73.24  weight  per  cent  Si02  was  crystallized 
at  900  °C  for  6  days  and  then  at  1050  °C  for 
1  day.  Although  the  optical  character  of 
the  phases  could  not  be  determined,  it  is 
probably  negative  like  the  isostructural  Li 
analogue  (3-eucryptite  (Winkler,  1948) 
which  contains  a  comparable  amount  of 
foreign  ions  in  its  high-quartz  structure. 
Pure  quartz  itself,  even  as  high-quartz,  is 
positive  (Wright  and  Larsen,  1909).  The 
isotropic  phase  mentioned  above,  there- 
fore, may  represent  the  unique  member, 
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for  which  the  optical  sign  changes,  i.e., 

£=GJ. 

X-ray  diffraction  studies  at  room  tem- 
perature of  the  metastable  phases  that  had 
been  crystallized  at  temperatures  below 
1100°C  indicate  that  they  are  all  isostruc- 
tural  with  high-quartz.  When  Si02-rich 
bulk  compositions  (>60  per  cent  Si02) 
were  subsequently  heated  at  1250°  C  for  1 
day,  the  initial  metastable  high-quartz 
phases  disappeared  and  gave  rise  to  cordi- 
erite  plus  a  metastable  phase  which  at 
room  temperature  yielded  an  X-ray  pat- 
tern close  to  low-quartz.  The  cell  size  of 
this  phase  was  found  to  be  only  slightly 
larger  than  quartz  (Si02)  itself.  After 
continued  heating  this  phase  was  eventu- 
ally replaced  by  cristobalite  and  more  cor- 
dierite. 

High-temperature  X-ray  studies  were 
performed  through  the  kind  cooperation 
of  Dr.  B.  J.  Skinner  of  the  U.  S.  Geo- 
logical Survey,  Washington,  D.  C.  It  was 
found  that  the  metastable  low-quartz  struc- 
ture obtained  by  crystallizing  the  most  si- 
liceous composition  (73.24  per  cent  Si02) 
at  900°C  for  6  days,  then  at  1050°C  for  2 
days,  and  finally  at  1250  °C  for  18  hours, 
was  transformed  into  a  high-quartz  struc- 
ture between  400°  and  500  °C.  A  differen- 
tial thermal  analysis  kindly  made  by  our 
colleague  R.  A.  Yund  at  the  Geophysical 
Laboratory,  on  the  other  hand,  showed  no 
indication  of  a  phase  change  in  the  tem- 
perature range  between  400°  and  580  °C. 
It  is  likely,  therefore,  that  the  transforma- 
tion does  not  take  place  at  one  particular 
temperature  such  as  573  °C  in  the  case  of 
pure  quartz,  but  rather  over  a  temperature 
range,  within  which  the  small  values  of 
AH  are  not  recorded  by  the  DTA  method. 
The  transformation  over  a  range  of  tem- 
peratures may  be  due  to  the  presence  of  a 
two-phase  field  for  solid  solutions  (Keith 
andTuttle,  1952,  fig.3^). 


High-temperature  X-ray  work  on  the 
metastable  high-quartz  solid  solutions, 
which  had  been  obtained  from  low-tem- 
perature (<1100°C)  crystallization,  indi- 
cated that  no  structural  changes  took  place 
upon  heating. 

The  following  conclusions  can  be  drawn 
from  these  results: 

1.  Incorporation  of  the  foreign  ions 
Mg2+  and  Al3+  in  the  silica  framework  per- 
mits the  metastable  formation  of  quartz 
structures  outside  the  temperature  stability 
range  of  pure  quartz  (Si02) . 

2.  Metastable  quartz  structures  may 
form  a  series  of  solid  solutions  along  the 
line  Si02-MgAl204.  The  absolute  range 
of  this  solid  solution  toward  MgAl2C>4  is 
not  known.  X-ray  and  optical  properties 
of  its  members  show  characteristic  varia- 
tions with  composition. 

3.  Members  of  the  series  with  Si02  con- 
tents up  to  at  least  73.24  weight  per  cent 
can  be  quenched  to  room  temperature  as 
high-quartz.  In  more  siliceous  members, 
whose  exact  composition,  however,  is  un- 
known, an  inversion  identical  to  the  one 
found  in  pure  quartz  (Si02)  takes  place 
during  the  quench.  The  temperature  of 
this  inversion  with  respect  to  that  of  pure 
quartz  is  lowered  by  the  incorporation  of 
foreign  ions. 

Roy  (1959)  used  the  name  "silica  O"  for 
a  "family  of  phases"  such  as  the  ones  just 
described  and  called  this  "a  new  common 
form  of  silica."  The  incorrectness  of  this 
terminology  is  apparent  because:  (1)  The 
new  phases  are  invariably  not  of  pure 
silica  (  =  Si02)  composition.  (2)  The  pure 
Si02  end  member  is  quartz  itself.  Further- 
more, Roy's  main  reason  for  a  new  name, 
i.e.  the  assumption  "that  silica  O  is  not 
related  by  a  displacive  transition  to  low- 
quartz,"  does  not  always  hold  according  to 
our  results. 


THE  STABILITY  OF  IRON  CHLORITES 

A.  C.  Turnoc\ 

Minerals  of  the  chlorite  group  are  found      reactions  of  progressive  and  retrogressive 
in  many  rock  types.    They  participate  in      metamorphism,   and  often  their  reaction 
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relationships  to  other  Fe-Mg  silicates  can 
be  seen  in  thin  section.  Metasomatism, 
such  as  wall-rock  alteration  around  veins 
and  sulfide  deposits,  may  also  be  indicated 
by  the  resulting  chlorite  zones.  Iron-rich 
chlorites  occur  in  chamositic  iron  forma- 
tions  and    their   metamorphosed   equiva- 


(0,OH)is  (daphnite  end  member)  and 
Fe4.2Al3.6Si2.2(0,OH)  18  (pseudothuringite 
end  member)  (Turnock,  1960).  Chlorites 
and  their  7-A  polymorphs  have  been  syn- 
thesized approximately  on  these  composi- 
tions, ±0.4  of  the  Al  content.  In  the  sys- 
tem    FeO-FeoOs-ALOs-SiOs-HUO     the 


400  500  600 

Temperature,  °  C 

Fig.  37.    Fe-chlorite  is   stable  within   the  volume  enclosed  by  the  hatched  sides.    (See  fig.  38 
for  isobaric  section.) 


lents,  and  in  vein  deposits.  Some  of  the 
conditions  and  processes  under  which  iron- 
rich  chlorites  grow  and  react  in  nature 
have  been  defined  by  a  synthetic  study  of 
their  stability  ranges  and  phase  relation- 
ships under  experimental  conditions.  This 
work  supplements  data  on  the  magnesian 
chlorites  (Yoder,  1952;  Nelson  and  Roy, 
1958). 

The  compositional  range  of  natural  iron 
chlorites      lies      between      Fe4.sAl2.4Si2.s- 


rapid  nucleation  and  persistence  of  fayalite 
and  hercynite  prevents  100  per  cent  reac- 
tion of  the  starting  materials  into  chlorite. 
Chlorite  synthesis  always  proceeds  by  the 
growth  of  the  7-A  polymorph  ("aluminous 
serpentine,"  Yoder,  1952;  "septechlorite," 
Nelson  and  Roy,  1958),  which  slowly  con- 
verts to  chlorite. 

The  stability  range  of  daphnite  is  pre- 
sented in  figure  37  as  a  volume,  limited  by 
reaction    surfaces,    with    the    coordinates 
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temperature  (T),  total  pressure  (Ptotai), 
and  the  partial  pressure  of  oxygen  (Po2)- 
The  composition  of  the  daphnite  is  ex- 
pected to  vary  within  this  volume  by  the 
influence  of  these  parameters,  i.e.  by  the 
oxidation  of  the  iron,  and  by  the  substitu- 
tions 2Al  =  Fe2  +  Si  and  Fe3  =  Al. 

Using  hydrothermal  apparatus  to  con- 
trol the  temperature  and  total  pressure,  the 
Po2  was  controlled  by  surrounding  the 
charge  (in  its  sealed  Pt  tube)  by  a  bufTer 
(Eugster,  1957). 

Figure  38  is  one  of  the  Po2  vs.  T  isobaric 
sections,  showing  the  experimental  data 
from  which  figure  37  was  constructed.  In 
terms  of  Po2,  the  stability  range  of  daph- 
nite exceeds  the  range  of  magnetite  (hema- 
tite +  magnetite  buffer  to  magnetite  +  wtis- 
tite  bufTer,  dashed  light  lines) .  The  bound- 
aries of  the  daphnite  field  are  drawn  in 
straight,  heavy  lines,  but  they  may  be 
curved  as  the  result  of  compositional  varia- 
tions at  various  Po2  and  T  values. 

The  daphnite  stability  field  has  been  left 
open  on  the  low-temperature  side  in  fig- 
ures 37  and  38.  As  Yoder  (1952)  first 
noted,  the  available  evidence  suggests,  but 
does  not  prove,  that  the  lowest  tempera- 
ture limit  of  chlorite  growth  is  a  kinetic 
limit,  due  to  the  sluggishness  of  the  meta- 
stable  transition  of  the  7-A  polymorph  to 
chlorite.  The  alternative  is  an  equilibrium 
reaction,  which  no  one  has  been  able  to 
reverse.  The  lowest  temperatures  observed 
for  the  transition,  7-A  phase  to  chlorite,  is 
about  450  °C  for  the  Mg-chlorites  (Nelson 
and  Roy,  1958)  and  525  °C  for  the  Fe- 
chlorites.  As  suggested  by  Engelhardt 
(1942)  and  Yoder  (Year  Book  56,  pp.  232- 
237),  many  Fe-chlorites  (daphnites,  pseu- 
dothuringites,  bavalites,  thuringites)  are 
recrystallization  products  of  chamosites. 
Brindley  (1951)  has  shown  that  most 
chamosites  have  a  7-A  structure,  so  low- 
grade  metamorphism  is  capable  of  convert- 
ing the  7-A  phase  to  chlorite.  Chamosite, 
a  product  of  chemical  sedimentation,  may 
have  a  metastable  structure.  Another  ex- 
ample of  the  formation  of  the  7-A  phase 


preceding  the  formation  of  chlorite  has 
been  found  in  the  "pinite"  alteration  of 
cordierite  (Schreyer,  Year  Book  58,  pp.  96- 
98) . 

The  mechanism  of  the  transition  of  the 
7-A  phase  to  chlorite  is  not  understood. 
Between  the  two  polymorphs,  there  is  no 
discontinuity  of  optical  properties  (Win- 
chell,  1936)  or  in  the  correlation  of  cell 
dimensions  with  composition  (Shirozu, 
1958,  plots  serpentine  and  amesite  on  the 
chlorite  curve  ^(001)  vs.  Al  content).  En- 
gelhardt (1942)  measured  a  1  per  cent  dif- 
ference between  the  cell  volumes  of  thu- 
ringite  (chlorite)  and  chamosite  (7  A),  but 
this  is  probably  within  his  limit  of  error. 
Better  measurements  are  needed  to  decide 
whether  the  transition  is  a  high-order  type. 

Table  3  and  the  P-T  curves  in  figure  39 
outline  the  effects  of  the  most  important 
substitutions  on  the  stability  of  the  chlorite 
group.  Clinochlore  (MgsAL'SisOK^OH)*) 
is  stable  to  the  highest  temperature.  The 
substitution  of  2A1  for  Mg  +  Si  produces 
corundophilite  and  lowers  the  stability 
limit  by  70°.  The  substitution  of  Fe2  for 
Mg  produces  daphnite  (the  iron  analogue 
of  clinochlore)  and  lowers  the  stability 
limit  130°.  Oxidation  of  this  Fe-chlorite 
at  the  Po2  of  the  hematite  +  magnetite  equi- 
librium lowers  the  stability  limit  another 
25°.  The  temperature  difference  between 
daphnite  and  pseudothuringite  must  be 
taken  as  preliminary  until  a  method  of  de- 
termining exact  compositions  is  developed. 

The  reactions  that  limit  the  stability 
range  of  the  Fe-chlorites  give  preliminary 
information  on  the  phase  equilibria  in  the 
system  FeO-FesOs-AUOs-SiOs-HsO  (see 
fig.  40).  In  this  diagram,  each  triangle 
gives  the  phase  assemblages  that  have  been 
found  under  the  respective  Po2-T  condi- 
tions of  the  area  in  which  it  is  located. 
Pyrophyllite  and  chlorite  distinguish  the 
low-temperature  set  from  the  high-tem- 
perature set.  The  maximum  stability  tem- 
peratures of  Fe-chlorite  are  taken  from  ex- 
periments on  daphnite  (Turnock,  1960). 
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TABLE  3.    The  Maximum  Stability  Temperatures  (°C)  of  the  Synthetic  Fe-Chlorites 
Compared  with  Mg-Chlorites  at  2000  Bars  Total  Pressure 


Fe-Chlorites 

Mg-Chlorites 

HighP02*    LowP02* 

Daphnite                          565               590 
Pseudothuringite              540               585 

Clinochlore                    720  (Yoder,  1952) 
Corundophilite              650  (Nelson  and  Roy,  1958) 

High  P0  is  hematite  +  magnetite  equilibrium;  low  P0   is  magnetite  +  wiistite  equilibrium. 
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Fig.  39.    Ptotai-^  projections   for   the   upper    temperature  stability  of  chlorites.    A,  daphnite + 
vapor  =  hematite  +  magnetite  +  mullite  +  quartz  -f-  vapor   (hematite + magnetite  Po).    B,  daphnite + 

vapor =fayalite  + Fe-cordierite  +  her  cynite  +  vapor   (magnetite  +  wiistite  Pq).    C,  Mg-chlorite  curve 

from  Yoder  (1952). 


As  an  example  of  the  oxidation-reduction 
reactions  that  limit  the  field  of  each  min- 
eral, the  following  reactions  are  repre- 
sented by  line  5  of  figure  40: 

f  ayalite  +  02  =  magnetite  +  quartz 


f  ayalite + Fe-cordierite  +  vapor 

=  chlorite  +  quartz  +  vapor  (T<590°C) 

f  ayalite + Fe-cordierite  +  vapor 
=  magnetitess  +  quartz  +  vapor 

(T>590°C) 
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ALKALI  FELDSPAR-ALKALI  CHLORIDE  HYDROTHERMAL 

ION  EXCHANGE 

P.  M.  Orville 


Experimental  determination  of  the  melt- 
ing relations  in  systems  containing  alkali 
feldspars  as  components  has  provided  a 
firm  foundation  for  understanding  the 
petrogenesis  of  alkali-rich  igneous  rocks, 
for  which  equilibria  between  crystalline 
and  silicate  melt  phases  may  be  presumed 
to  apply.  No  such  presumption  can  be 
made,  however,  about  the  origin  of  most 
metamorphic  rocks,  and  many  competent 
geologists  hold  the  view,  predominantly 
on  the  basis  of  field  evidence,  that  large 
masses  of  granitic  rock  have  formed  in  the 
earth's  crust  without  the  intervention  of  a 
silicate  melt. 

The  processes  of  metamorphic  recrystal- 
lization,  metasomatism,  and  granitization 
are  generally  thought  of  as  involving  reac- 
tion between  crystalline  phases  and  a  vola- 
tile-rich (predominantly  H20)  phase.  The 
role  of  H2O  as  a  component  of  meta- 
morphic mineral  assemblages  has  received 
a  great  deal  of  experimental  study  and  will 
not  be  discussed  further  here,  but  the  role 
of  a  volatile-rich  fluid  as  a  phase  involved 
in  metamorphic  reactions  has  received 
much  less  attention  by  experimentalists. 

It  appears  likely  that  a  major  part  of 
the  material  present  in  crystalline  phases 
in  most  metamorphic  rocks  has  passed 
through  a  state  of  solution  in  an  inter- 
granular  H20-rich  fluid  phase.  There  is 
never,  to  be  sure,  more  than  a  very  small 
proportion  of  mass  of  the  nonvolatile  com- 
ponents in  solution  at  any  one  time,  but 
the  cumulative  transfer  of  material  from 
less  stable  to  more  stable  phases,  from 
smaller  grain  to  larger  grain,  and  from 
stressed  grain  to  unstressed  grain  will  pro- 
duce, in  the  end,  a  complete  reworking  of 
the  original  rock  components.  Through- 
out this  process  ftO-rich  fluid-crystal  re- 
actions will  have  prevailed.  Volatile-rich 
fluid-crystal  equilibria  are  as  fundamental 
to  an  understanding  of  metamorphic  proc- 


esses as  melt-crystal  equilibria  are  to  an 
understanding  of  igneous  processes. 

Investigation  of  the  partitioning  of  alka- 
lies between  alkali  feldspar  and  a  dilute 
alkali  chloride  vapor  phase  has  revealed  a 
surprising  similarity  between  vapor-crystal 
and  melt-crystal  equilibria.  There  is  a 
strong  possibility  that  rocks  which  have 
bulk  feldspar  compositions  corresponding 
to  minimum  melting  compositions  in  the 
synthetic  granite  and  ternary  feldspar  sys- 
tem, and  are  therefore  commonly  regarded 
as  late  magmatic  differentiates,  might  also 
be  produced  by  transfer  of  feldspar  com- 
ponents in  solution  through  a  vapor  phase. 

Fluid  inclusions  in  metamorphic  and 
igneous  minerals  invariably  contain,  in  ad- 
dition to  H2O,  CO2,  and  traces  of  other 
volatiles,  rather  concentrated  solutions, 
commonly  2  to  4  normal,  of  Na  and  K 
salts,  chloride  generally  predominating.  If 
these  inclusions  are  representative  of  the 
intergranular  fluid  phase  present  during 
metamorphism,  the  concentration  of  Na 
and  K  ions  in  this  fluid  must  greatly  ex- 
ceed that  attributable  to  the  solubility  of 
alkali^bearing  silicate  phases  in  an  H2O- 
rich  fluid  phase.  It  has  been  established  ex- 
perimentally (O'Neil,  1948;  Wyart  and 
Sabatier,  1956;  Orville,  Year  Book  58, 
pp.  118-121)  that  ion-exchange  reactions 
take  place  rapidly  and  reversibly  between 
alkali-bearing  hydrous  solutions  and  alkali 
feldspars  at  temperatures  greater  than 
300  °C  and  pressures  ranging  from  a  few 
to  thousands  of  atmospheres.  The  conclu- 
sion is  inescapable  that  ion-exchange  reac- 
tion between  an  ftO-rich  fluid  phase  and 
alkali  feldspars  will  take  place  during 
metamorphism.  The  high  mobility  of  Na 
and  K  during  metamorphism  which  is 
apparent  from  field  studies  of  regional 
and  contact  metamorphosed  rocks  in  many 
localities  can  be  attributed  to  the  high  dif- 
fusivity  and  high  concentration  of  alkali 
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ions  in  the  intergranular  volatile  phase 
together  with  the  ready  reversibility  of  the 
ion-exchange  reaction  between  K  and  Na 
in  crystal  and  fluid  phases. 

Investigation  of  the  temperature  de- 
pendence of  the  alkali  feldspar-vapor  ion- 
exchange  reaction  has  provided  an  experi- 
mental basis  for  a  mechanism  of  alkali 
metasomatism  in  the  presence  of  a  thermal 
gradient.  This  mechanism  has  been  dem- 
onstrated in  the  laboratory  and  can  rea- 
sonably be  assumed  to  have  operated  at 
the  contacts  of  intrusive  granitic  rocks  with 
country  rock.  In  general,  there  will  be  en- 
richment of  the  cooler  country  rock  in  K 
feldspar  which  is  in  good  agreement  with 
field  observations. 

Preliminary  results  on  the  equilibrium 
between  2  N  alkali  chloride  solutions  and 
synthetic  alkali  feldspars  at  2000  atm  total 
pressure  were  presented  last  year  (Year 
Book  58,  pp.  118-121).  Further  work  in 
this  system  has  resulted  in  the  determina- 
tion of  a  synthetic  alkali  feldspar  solvus 
at  2000  bars  total  pressure,  for  which  equi- 
librium, within  narrow  limits,  can  be  dem- 
onstrated. The  crest  of  the  solvus  curve 
has  been  located  at  a  composition  of  ap- 
proximately Ab7oOr3o  and  at  a  tempera- 
ture of  675  °C.  This  solvus  differs  from 
that  determined  by  Bowen  and  Tuttle 
(1950)  at  1000  bars  H20  pressure  in  its 
greater  asymmetry  toward  the  Ab  side 
line.  Complete  information  concerning  the 
determination  of  this  solvus  will  soon  be 
published  elsewhere. 

The  ion-exchange  equilibrium  between 
Na  and  K  ions  in  solution  and  alkali  feld- 
spar can  be  written 

KAlSi308+Na+?±NaAlSi308  +  K+  (1) 

The  equilibrium  constant  for  this  reaction 
at  constant  temperature  and  pressure  can 
be  expressed  as 


\v,t 


_  (aNafeid)  (aK+soi) 


(2) 


(aKfeid)  (aNa+soi) 

where  aNafeid  and  aKfeid  are  the  activities 
of  the  Na  feldspar  and  K  feldspar  mole- 
cules  respectively   in   the   alkali   feldspar 


solid  solution  and  aK+Soi  and  aNa+soi  are 
the  activities  of  the  alkali  ions  in  the  vapor 
phase. 

For   a   constant   composition   of   alkali 
feldspar  at  constant  T  and  P 

aNafeid      7  /0\ 

aKfeid 

and  therefore,  under  the  same  conditions, 


aK+ 


sol 


aNa+ 


sol 


h 


(4) 


In  an  ideal  solution  of  completely  ion- 
ized salts  the  activities  of  Na+  and  K+  ions 
will  be  equal  to  the  molar  concentrations 
of  alkalies  in  the  solution.  Dilute  solutions 
of  alkali  chlorides  at  room  temperature 
closely  approach  these  conditions,  but  little 
is  known  about  the  behavior  of  alkali  salt 
solutions  at  high  temperatures  and  pres- 
sures. It  is  certain,  however,  that  the 
ratio  of  activities  of  K+  and  Na+  ions  will 
be  aflfected  far  less  by  incomplete  ioniza- 
tion and  nonideal  behavior  of  the  alkali 
salt-water  solution  under  the  conditions 
of  the  experiments  than  the  activities 
themselves,  because  of  the  chemical  simi- 
larity of  Na  and  K.  Laboratory  experi- 
ments show  that  the  ratio  of  molar  con- 
centrations of  alkali  chlorides  in  the  vapor 
phase  in  equilibrium  with  a  particular 
alkali  feldspar  is  nearly  constant  over  a 
wide  range  of  total  alkali  concentration. 
Therefore,  under  the  conditions  of  these 
experiments,  the  ratio  of  molar  concen- 
tration of  K  and  Na  salts  is  probably  a 
good  approximation  to  ^2,  the  constant 
of  equation  4. 

A  surprising  similarity  between  the 
equilibrium  of  alkali  feldspar  and  alkali 
chloride  solutions  and  that  of  alkali  feld- 
spar and  its  water-saturated  melt  can  be 
seen  by  comparing  figures  41  and  42.  In 
figure  41  the  molar  proportion  of  KC1  and 
NaCl  in  a  hydrous  solution  in  equilibrium 
with  alkali  feldspar  is  plotted  against  the 
molar  proportion  of  K  and  Na  in  the 
feldspar  phase.  The  solid  lines  represent 
equilibrium  at  500°,  600°,  650°,  and  700°C 
and  2000  bars  total  pressure  for  a  solution 
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2  N  in  total  alkalies.  Nearly  identical  re- 
sults were  obtained  at  700  °C,  2000  bars, 
with  solutions  0.2  N  and  2.0  N  in  total  alka- 
lies. The  dotted  horizontal  lines  which  con- 
nect two  limbs  of  the  500°,  600°,  and  650°C 
equilibrium  curves  represent  the  extent 
of  crystal  immiscibility  in  the  alkali  feld- 
spar system  at  those  temperatures.  In 
figure  42  the  molar  proportion  of  Na  and 
K  in  a  water-saturated  alkali  feldspar  melt 
is  plotted  against  the  molar  proportion  of 
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Fig.  41.  Curves  showing  equilibrium  parti- 
tioning of  Na  and  K  between  2  N  alkali  chloride 
solution  and  alkali  feldspar  crystals  at  2000  bars 
total  pressure  and  at  various  temperatures.  Each 
solid  line  represents  isothermal  isobaric  vapor- 
crystal  equilibrium.  The  extent  of  alkali  feldspar 
immiscibility  at  each  temperature  is  represented 
by  a  dashed  horizontal  line. 

Na  and  K  in  the  crystalline  phase.  The 
solid  line  represents  compositions  of  co- 
existing melt  and  crystals  at  5000  atm  H20 
pressure  and  is  based  on  the  data  of 
Yoder,  Stewart,  and  Smith  (Year  Book  56, 
p.  208).  The  minimum  melting  tempera- 
ture on  this  curve  is  698  °C  where  both 
melt  and  crystals  have  the  molar  composi- 
tion Ab28.5Or71.5-  This  curve  does  not 
represent  isothermal  partitioning  of  alka- 
lies between  fluid  and  crystalline  phases 
as  do  similar  curves  in  figure  41.  How- 
ever, points  which  fall  on  isothermal  melt- 
crystal  curves,  shown  as  dashed  lines  in 
figure  42,   can  be   determined  from   the 


melting  relations  of  alkali  feldspars  at 
H2O  pressures  of  1000,  2000,  and  3000  bars 
from  the  data  of  Bowen  and  Tuttle  (1950). 
Pressure  can  be  expected  to  have  only  a 
minor  effect  on  these  equilibria,  and  it 
seems  clear  that  a  700  °C  isothermal  melt- 
crystal  curve  would  be  almost  identical 
with  the  700  °C  vapor-crystal  equilibrium 
curve  of  figure  41.  Equilibrium  relations 
for    both    the    melt-alkali    feldspar    and 
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Fig.  42.  Curves  showing  equilibrium  parti- 
tioning of  Na  and  K  between  H20-saturated 
alkali  feldspar  melt  and  alkali  feldspar  crystals. 
Solid  line  represents  polythermal  isobaric  melt- 
crystal  equilibrium  at  5000  bars  H20  pressure 
from  data  of  Yoder,  Stewart,  and  Smith  (Year 
Book  56,  p.  208).  Dashed  lines,  representing 
isothermal  polybaric  equilibria,  are  based  on 
above  data  together  with  the  melting  relations 
of  alkali  feldspar  at  1000  and  2000  bars  H20 
pressure  from  data  of  Bowen  and  Tuttle  (1950). 

alkali  chloride  solution-alkali  feldspar 
systems  can  be  closely  represented  by  what 
appears  to  be  a  single  family  of  isothermal 
alkali  partitioning  curves. 

It  seems  reasonable  to  suppose  that  the 
alkali  ratio  of  this  water-rich  vapor  phase 
in  the  Ab-Or-H20  system  might  also  be 
represented  by  an  equilibrium  alkali  parti- 
tioning curve  belonging  to  the  same  family 
of  isothermal  curves  shown  in  figures  41 
and  42.  If  this  extrapolation  of  the  experi- 
mental data  from  dilute  alkali  chloride 
solutions  to  cover  extremely  dilute  solu- 
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tions  of  alkali  feldspar  is  valid,  there  should 
be  very  little  difference  between  the  molar 
ratio  of  alkali  feldspars  dissolved  in  a 
melt  and  alkali  feldspars  dissolved  in  a 
coexisting  vapor  phase.  Conceivably,  then, 
continued  solution  of  alkali  feldspars  from 
one  volume  of  rock  and  precipitation  in 
another  volume  through  the  medium  of  a 
vapor  phase  could  lead  to  the  same  dif- 
ferentiation with  respect  to  alkalies  as  that 
produced  by  partial  melting  of  the  rock 
at  the  same  temperature. 

The  effect  of  temperature  on  the  ion- 
exchange  equilibrium  between  2  N  alkali 
chloride  solution  and  alkali  feldspar  is 
shown  in  table  4.    The  vapor  phase  co- 

TABLE  4.  Proportion  of  Na  and  K  in  2  N 
Alkali  Chloride  Solution  in  Equilibrium 
with  Two  Alkali  Feldspar  Phases  at  2000 
Bars  Total  Pressure  and  at  Various  Tem- 
peratures 


T  °C 

K/(K+Na) 

I  ,      Kj 

Mole% 

670 

25.5 

600 

23.0 

500 

20 

400 

16 

existing  with  two  alkali  feldspars  be- 
comes progressively  poorer  in  K  as  the 
temperature  is  lowered.  The  temperature 
dependence  of  the  alkali  ratio  in  the  vapor 
phase  has  considerable  geological  signifi- 
cance because  it  provides  a  mechanism  for 
alkali  metasomatism  in  the  presence  of  a 
thermal  gradient.  In  the  simplest  instance, 
alkali-bearing  vapor  in  equilibrium  with 
two  alkali  feldspars  at  high  temperature 
will,  on  cooling,  be  capable  of  replacing 
a  certain  amount  of  Na  feldspar  by  K 
feldspar  in  accordance  with  the  reaction 

Na  feld  +  K+-»K  feld  +  Na+        (5) 

This  is  consistent  with  observations  made 
in  thermal  hot  spring  areas,  as  at  Wairaki, 
New  Zealand,  Steamboat  Springs,  Nevada, 
and  Yellowstone,  Wyoming  (White, 
1955),  that  Na  feldspar  is  commonly  re- 
placed by  K  feldspar  in  rocks  that  are 


undergoing  hydrothermal  alteration  near 
the  earth's  surface. 

The  porphyroblastic  growth  of  K  feld- 
spar in  country  rocks  adjacent  to  granitic 
intrusions,  the  well  known  "dentes  de 
cheval"  of  La  Croix,  can  be  accounted  for 
in  the  same  way.  Volatiles  that  escape 
from  a  hot  crystallizing  granite  into  cool 
country  rock  cannot  reach  equilibrium 
with  both  Na  feldspar  and  K  feldspar  in 
the  country  rock  until  the  proportion  of 
K  in  the  vapor  phase  is  lowered  either  by 
direct  crystallization  of  K  feldspar  or  by 
replacement  of  Na  feldspar  by  K  feldspar 
by  ion  exchange  of  alkalies. 

A  similar  mechanism  could  produce 
reciprocal  alkali  transfer  between  two  parts 
of  a  rock  mass  at  different  temperature, 
K  moving  to  the  low-temperature  and 
Na  to  the  high-temperature  part.  Reaction 
between  the  vapor  phases  and  two  alkali 
feldspar  phases  in  the  high-temperature 
part  of  the  rock  mass  results  in  a  higher 
proportion  of  K  relative  to  Na  in  the 
vapor  phase  than  similar  reaction  in  the 
low-temperature  part.  If  alkali  ions  are 
free  to  diffuse  between  the  high-  and  low- 
temperature  rock  volumes  in  response  to 
the  concentration  gradients  thereby  estab- 
lished, the  result  will  be  continued  replace- 
ment of  K-rich  feldspar  by  Na-rich  feld- 
spar at  the  higher  temperature  and  re- 
placement of  Na-rich  feldspar  by  K-rich 
feldspar  at  the  lower  temperature. 

The  experimental  data  show  clearly  that 
a  potential  is  developed  for  reciprocal 
alkali  transfer  in  the  presence  of  a  thermal 
gradient.  Whether  significant  amounts  of 
alkalies  are  transferred  between  rock 
masses  in  nature  in  response  to  this  poten- 
tial will  depend  on  the  rate  of  the  ion- 
exchange  reaction  between  alkalies  in  the 
vapor  phase  and  alkalies  in  feldspar  phases, 
on  the  total  concentration  of  alkali  ions  in 
the  vapor  phase,  and  on  the  diffusion  rate 
of  alkali  ions  through  the  vapor  phase. 

It  is  likely  that  the  reaction  rate  and  dif- 
fusion rate  are  relatively  high  and  will  not 
be  limiting  factors  since  reciprocal  alkali 
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transfer  has  been  produced  on  a  small  scale 
in  the  laboratory.  Sealed  platinum  tubes 
which  contained  a  mixture  of  Na-rich  and 
K-rich  feldspars  and  a  2  N  alkali  chloride 
solution  were  held  at  2000  bars  total  pres- 
sure and  at  a  temperature  of  630  °C  at  one 
end  and  600 °C  at  the  other  end  of  the  tube. 
After  6  days  the  600  °C  end  of  the  tube 
had  become  significantly  enriched  in  K 
feldspar  and  the  630  °C  end  in  Na  feldspar. 
In  a  typical  experiment  the  original  bulk 
feldspar  composition  at  both  ends  of  the 
tube  was  Ch^Abss.  After  6  days  the  600° C 
feldspar  mixture  had  a  bulk  composition 
of  Or4sAb52,  and  the  630  °C  feldspar  mix- 
ture, Or42Ab58.  Shorter  runs  showed  less 
difference  in  composition  between  the  two 
ends,  and  longer  runs  showed  more.  Runs 
in  which  pure  H20  was  used  instead  of  2 
N  alkali  chloride  solution  showed  no  dif- 
ference in  composition  between  the  two 
ends  of  the  tube  after  6  days.  The  presence 


of  alkali  salts  in  the  vapor  phase  appears 
to  be  a  necessary  condition  for  significant 
transfer  of  alkalies  under  the  conditions  of 
the  experiment. 

Experimental  work  is  currently  being 
carried  on  to  determine  the  effect  of  pres- 
sure on  the  alkali  feldspar-vapor  ion- 
exchange  equilibria.  Preliminary  results 
indicate  that  the  K/Na  ratio  of  alkali 
chloride-bearing  vapor  in  equilibrium 
with  two  alkali  feldspars  is  decreased  by 
an  increase  in  pressure.  An  increase  in 
pressure,  therefore,  shifts  the  ion-exchange 
equilibrium  in  the  same  direction  as  a  de- 
crease in  temperature. 

Hydrothermal  ion-exchange  techniques 
are  also  being  applied  to  investigations  of 
solid  solution  relations  in  the  ternary  feld- 
spar system,  subsolidus  relations  in  the 
synthetic  plagioclase  system,  and  the  stabil- 
ity fields  of  high  and  low  alkali  feldspar 
polymorphs. 


CHEMICAL  ANALYSES  OF  TWO  PANTELLERITES 

E.  G.  Zies 


Certain  rocks  of  the  middle  Mediter- 
ranean region,  the  pantellerites,  were 
found  by  Washington  (1913, 1914)  to  have 
anomalous  characteristics  which  he  de- 
scribed as  "the  excess  of  soda  expressed 
as  sodium  metasilicate  over  alumina  and 
ferric  oxide."  His  chemical  analyses  to- 
gether with  his  petrographic  description 
seemed  so  very  anomalous  to  most  penolo- 
gists that  the  results  were  treated  with 
some  skepticism.  Recently,  interest  in 
these  rocks  has  been  revived  because  of 
their  importance  to  theories  of  magmatic 
differentiation.  In  1950  Tilley  called  them 
"the  typical  acid  alkali  end-product"  of 
the  differentiation  of  alkali  basalt  magma. 
Schairer  and  Yoder  (1960)  in  discussing 
the  nature  of  residual  liquors  from  crystal- 
lization call  attention  to  the  necessity  for 
studying  the  residual  liquids  of  the  system 
resulting  from  Bowen's  "plagioclase  ef- 
fect" "because  of  their  possible  bearing  on 
the  pantellerites  and  comendites."  Tuttle 
and  Bowen   (1958)    in  their  memoir  on 


the  origin  of  granite  in  light  of  experimen- 
tal studies  ask  the  question:  "Do  any 
granitic  liquids  contain  alkalies  in  excess 
of  that  required  to  combine  with  all  the 
alumina  to  form  feldspars?"  They  answer 
in  the  affirmative  by  citing  as  evidence  the 
incidence  of  normative  acmite  (ac)  and 
normative  sodium  metasilicate  (ns)  in 
Washington's  (1917)  tables.  The  method 
by  which  they  reached  this  conclusion  has 
been  criticized  by  Chayes  (1960),  and 
Tuttle  (1960)  has  replied  to  the  criticism. 
The  merits  of  the  argument  need  not  con- 
cern us  here,  but  the  fact  that  it  exists  to- 
gether with  the  importance  that  is  being 
assigned  to  rocks  in  which  there  is  a  molar 
excess  of  alkalies  over  Alo03  +  Fe203  is 
enough  to  suggest  that  they  be  studied 
again.  It  is  obvious  that  much  of  the 
discussion  centers  on  the  analyses  made 
by  Washington;  hence,  irrespective  of  the 
merits  of  the  criticism  directed  against 
them,  they  should  be  checked. 
Two  of  Washington's  hyalopantellerites 
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have  been  analyzed  during  the  past  year. 
The  analyses,  the  sample  preparation,  and 
special  methods  employed  for  certain  con- 
stituents are  described  in  a  paper  now  in 
press.  The  following  summary  contains 
the  salient  points  of  the  more  important 
results.  The  specimens  themselves  were 
of  particular  petrographic  interest.  One 
(U.  S.  National  Museum,  Petrographic 
Reference  Collection  no.  2007)  is  a  fresh 
obsidian  with  only  scattered  phenocrysts. 
Washington's  analysis  of  the  other  (P.R.C. 
2000),  a  porphyry  with  a  microcrystalline 
matrix  containing  much  glass,  shows  an 
unusually  large  excess  of  alkalies  expressed 
as  sodium  metasilicate  (ns)  over  the  com- 
bined Al203+Fe203;  as  a  matter  of  fact 
no  larger  excess  has  as  yet  been  recorded 
in  volcanic  rocks  not  clearly  subject  to 
hydrothermal  or  other  alteration.  The 
summation  shown  in  the  tabulated  anal- 
yses of  both  rocks  is  low  by  0.6  per  cent. 
Ordinarily  one  would  pay  but  little  atten- 
tion to  this  fact,  but  in  view  of  Washing- 
ton's known  ability  as  an  analyst  it  aroused 
the  suspicion  that  some  constituent  that  he 
may  have  considered  either  unimportant 
or  not  likely  to  be  present  had  been  over- 
looked. We  now  know  that  CI  (not  as 
free  chlorine,  to  be  sure)  is  commonly 
present  in  siliceous  volcanic  rocks  such 
as  the  hyalopantellerites.  Perhaps  the  most 
interesting  single  result  of  the  new  work 
concerns  the  amount  of  this  constituent 
found.  The  clear  obsidian  (P.R.C.  2007) 
contains  0.37  per  cent  and  the  porphyry 
(P.R.C.  2000)  0.76  per  cent,  one  of  the 
largest  values  so  far  observed  in  volcanic 
rocks.  No  chlorine-bearing  mineral  was 
noted  in  either  specimen.  Each  contains 
a  very  little  (0.01  to  0.03  per  cent)  CI  that 
can  be  extracted  by  hot  water,  but  the 
values  given  above  are  obtained  only  from 
the  analysis  of  the  water  leach  of  the 
sodium  carbonate  fusion  of  the  sample. 
In  other  words,  the  CI  is  as  much  a  pri- 
mary constituent  as  the  Si02,  AI2O3,  etc. 


The  Cl  obtained  in  rock  analyses  is,  ac- 
cording to  the  usual  convention  for  calcu- 
lating the  norm,  expressed  as  halite  {hi), 
which,  of  course,  takes  care  of  some  of  the 
soda  assigned  by  Washington  to  normative 
sodium  metasilicate  (ns).  The  new  values 
for  A1203,  Fe2Oa,  Na20,  and  K20  ob- 
tained for  P.R.C.  2000  are  essentially  the 
same  as  those  obtained  by  Washington; 
hence,  because  of  the  high  value  for  Cl  ob- 
tained in  the  new  analyses,  the  value  for 
ns  is  lowered  from  7.08  to  5.14  per  cent. 
Less  A1203  was  found  in  P.R.C.  2000  than 
was  obtained  by  Washington,  but  the 
value  for  the  alkalies  remained  the  same, 
hence  the  value  of  ns  was  increased  from 
1.22  to  2.70  per  cent  in  spite  of  the  presence 
of  0.37  per  cent  Cl.  Nevertheless,  by  any 
accepted  normative  calculation  of  the  new 
analyses,  Washington's  main  conclusion  is 
confirmed,  namely,  that  there  is  a  norma- 
tive excess  of  alkalies  over  available 
Al203  +  Fe203.  Both  specimens  contain 
cossyrite,  a  mineral  whose  formula  ex- 
hibits such  an  alkali  excess,  expressed  in 
the  norm  as  ns.  Washington  thought  that, 
"in  a  general  way,  the  amount  of  cossy- 
rite is  correlated  with  that  of  the  sodium 
metasilicate  in  the  norm."  Petrographic 
examination  (by  F.  Chayes)  indicates  that 
the  amount  is  far  too  small  to  account  for 
the  observed  excess. 

It  seems  quite  probable  that  (1)  the 
constituent  Cl  is  concentrated  in  the  glassy 
portion  of  the  rocks  and  (2)  the  alkali 
excess  as  expressed  in  the  norm  by  sodium 
metasilicate  is  a  property  of  this  same 
glassy  portion. 

It  would  be  of  interest  to  learn  what 
influence,  if  any,  the  presence  of  the  con- 
stituent Cl  has  on  the  course  of  magmatic 
differentiation.  In  discussing  the  residual 
liquids  of  this  differentiation  one  can  now 
refer  to  the  composition  of  these  panteller- 
ites  with  greater  confidence  than  hereto- 
fore. 
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ORE  MINERALS 


Systematic  laboratory  studies  of  the 
phase  relations  among  the  common  sul- 
fide-type  minerals  and  applications  of  ex- 
perimental data  to  ores  have  progressed 
significantly  during  this  last  year.  Earlier 
techniques  have  been  supplemented  by 
the  use  of  a  high-temperature  X-ray 
camera. 

This  type  of  exploration  has  proved  the 
presence  of  nonquenchable  phases  in  the 
Cu-S  system  and  has  already  produced 
valuable  information  about  nonquench- 
able phase  relations  in  the  Cu-Fe-S  system. 

The  results  of  this  new  study  of  the 
Cu-S  system  in  addition  to  those  already 
obtained  in  the  Fe-S  system  and  to  those  of 
the  solidus  relations  in  the  Cu-Fe-S  sys- 
tem (Year  Book  57,  pp.  222-227)  have 
provided  the  bases  for  methodical  ex- 
ploration of  the  entire  ternary  system.  The 
stable  phase  relations  have  been  deter- 
mined at  700  °C.  Complete  solid  solution 
was  found  to  exist  between  chalcocite 
(Cu2S),  digenite  (CugSs),  and  bornite 
(CusFeSd).  It  is  noteworthy  that  chal- 
copyrite  solid  solution  does  not  include 
stoichiometric  CuFeS2  and  CuFe2S3  at  this 
temperature. 

The  phase  relations  between  digenite 
and  bornite  have  been  determined.  Com- 
plete solid  solution  was  found  to  exist 
above  approximately  330  °C.  Mixtures  of 
the  elements,  in  such  ratios  as  to  lie  on 
the  digenite-bornite  join,  when  heated 
in  rigid  silica  tubes  or  in  collapsible  gold 
tubes  react  to  form  beautiful  single  crystals 
of  cubic  symmetry.  On  even  the  rapidest 
cooling  various  superstructures  develop. 
These  have  been  studied,  and  the  mecha- 
nisms of  their  formation  and  of  the  poly- 
morphic inversions  in  digenite  and  bornite 
are  now  understood. 

Bravoite,  (Fe,Ni)S2,  has  been  synthe- 
sized at  temperatures  below  235  °C  by 
precipitation  from  aqueous  sulfate  solu- 
tions. The  variations  in  arsenopyrite 
composition  as  functions  of  temperature 
and  pressure  have  been  determined  as  part 


of  the  continued  studies  of  the  Fe-As-S 
system.  Arsenopyrite  composition  is  sensi- 
tive to  confining  pressure  and  may  serve 
as  a  geobarometer  when  the  temperature 
of  formation  is  available  from  coexisting 
mineral  pairs. 

Crystallographic  studies  of  natural 
arsenopyrites  have  shown  that  in  the 
lattice  some  sulfur  positions  may  be  occu- 
pied by  arsenic  and  some  arsenic  positions 
may  be  occupied  by  sulfur. 

An  X-ray  method  has  been  developed 
for  determination  of  the  amounts  of  sulfur 
and  cobalt  occurring  in  solid  solution  in 
loellingite. 

Studies  of  the  relations  under  equi- 
librium conditions  between  pyrite,  pyr- 
rhotite,  magnetite,  and  aqueous  solutions 
below  250  °C  have  shown  that  these  min- 
erals when  contemporaneously  formed 
were  precipitated  from  an  alkaline  aque- 
ous environment.  The  continued  studies 
of  ore  solutions  have  proved  solubilities 
of  sulfides  sufficient  to  account  for  ore 
transport.  The  investigations  of  the 
geologically  important  areas  of  the  ZnS- 
H2S-H20,  ZnS-H2S-H20-NaOH,  and 
ZnS-H2S-H20-S  systems  have  shown  that 
bisulfide  complexes  of  the  sulfide-forming 
metals  are  probable  means  of  ore  transport. 

THE  Cu-S  SYSTEM 
G.  Kullerud 

One  of  the  problems  of  elucidating  re- 
lations among  sulfide  phases  is  inability 
to  preserve  high-temperature  relations  dur- 
ing even  the  most  rapid  chilling  pro- 
cedures. Through  use  of  a  high-tempera- 
ture X-ray  camera  it  has  been  possible  to 
study  equilibria  at  elevated  temperatures 
and  to  demonstrate  relationships  previ- 
ously suspected  but  experimentally  un- 
provable. Among  these  are  the  high- 
temperature  relationships  between  chalco- 
cite and  digenite  which  form  a  complete 
solid  solution  series  above  500  °C. 

The  phase  relations  in  the  copper-sulfur 
system,  deduced  from  studies  of  polished 
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sections  and  X-ray  diffraction  patterns  at 
room  temperature  on  products  of  "quench- 
ing type"  experiments,  were  given  by 
Kullerud  in  Year  Book  57  (pp.  215-218). 
Chalcocite  at  room  temperature  has  an 
orthorhombic  superstructure  but  inverts 
at  about  105°C  (Buerger,  1941)  to  a 
hexagonal  crystal  modification  which 
again  inverts  to  a  cubic  symmetry  at  about 
470°C  (Djurle,  1958).  Neither  the  cubic 
nor  the  hexagonal  polymorph  can  be  re- 
tained by  rapid  cooling.  Chalcocite  above 
480  °C  has  been  found  to  be  isostructural 
with  the  F3dm  cubic  polymorph  of  dige- 
nite  (Morimoto  and  Kullerud,  1960,  un- 
published; Donnay,  Donnay,  and  Kul- 
lerud, 1958)  stable  above  about  65  °C. 
Complete  solid  solution  between  these  two 
phases  exists  at  and  above  500  °C.  The 
solidus  curve  is  not  yet  known  in  detail 
but  is  being  determined  for  twelve  evenly 
spaced  compositions  between  Cu2S  (with 
79.85  weight  per  cent  Cu)  and  Cu9S5 
(with  78.10  weight  per  cent  Cu). 

The  orthorhombic-hexagonal  inversion 
in  chalcocite  is  detectable  by  differential 
thermal  analysis  and  has  been  determined 
at  100.3  °C  for  stoichiometric  Cu2S.  The 
inversion  occurs  at  89.5 °C  for  Cu2-;zS  with 
79.75  weight  per  cent  Cu,  indicating  that 
the  solubility  of  sulfur  in  orthorhombic 
Cu2S  is  less  than  0.1  weight  per  cent.  The 
chalcocite  melting  relations  were  found 
by  DTA  to  be  in  close  agreement  with 
those  given  by  Jensen  (1947). 

The  melting  curves  were  determined 
also  for  compositions  containing  less 
copper  than  those  investigated  by  Jensen 
(1947).  All  runs  containing  less  than  77 
weight  per  cent  Cu  gave  a  strong  heat 
effect  at  813  °C,  which  is  taken  to  indicate 
the  existence  of  a  two-liquid  field  above 
this  temperature  over  the  large  composi- 
tion range  extending  from  77  to  less  than 
5  weight  per  cent  copper. 

The  incongruent  melting  point  of  covel- 
lite  (Kullerud,  Year  Book  57)  at  507°C 
produced  a  heat  effect  in  all  runs  con- 
taining 77  weight  per  cent  Cu  or  less. 


THE  Cu-Fe-S  SYSTEM 
Phase  Relations  at  700° C 
R.  A.  Yund  and  G.  Kullerud 

Explorations  of  ore  deposits  containing 
minerals  belonging  to  the  Cu-Fe-S  system 
have  demonstrated  very  complex  relations 
to  exist  among  the  numerous  components. 
Textural  relations,  exsolution  lamellae, 
and  other  fine  structures  have  presented 
many  unexplained  puzzles  to  the  economic 
geologist.  These  problems  create  an  op- 
portunity and  a  challenge  for  systematic 
laboratory  investigation,  for  if  the  puzzling 
phenomena  can  be  understood  powerful 
tools  will  become  available.  Because  of  this 
complexity  it  has  been  necessary  to  per- 
form unusually  detailed  studies  of  the 
ternary  system,  particularly  in  composi- 
tions of  geologic  interest. 

Equilibrium-phase  relations  in  the  sub- 
solidus  portion  of  the  system  Cu-Fe-S 
were  studied  at  constant  vapor  pressure  of 
sulfur  (455  mm  Hg)  by  Merwin  and 
Lombard  (1937),  and  the  solidus  relations 
in  the  sulfur-rich  portion  of  the  "con- 
densed" system  have  been  determined 
(Roseboom  and  Kullerud,  Year  Book  57, 
pp.  222-227).  The  purpose  of  the  present 
investigation  was  to  extend  and  comple- 
ment these  earlier  studies  with  a  series  of 
isothermal  sections  to  show  changes  in  tie 
lines  and  variations  in  the  solid  solutions 
of  the  phases  as  function  of  temperature. 

At  700  °C  the  condensed  phases  in  the 
system  are  bornite  solid  solution  (br  s.s.), 
chalcopyrite  solid  solution  (cp  s.s.),  pyrite 
(py),  pyrrhotite  solid  solution  (po  s.s.), 
copper,  iron,  and  a  liquid  (L)  consisting 
essentially  of  pure  sulfur  (fig.  43) .  Bornite 
solid  solution  includes  the  compositions 
digenite  (CugS5)  and  chalcocite  (Cu2S) 
in  addition  to  stoichiometric  bornite 
(Cu5FeS4).  The  portion  of  the  bornite 
solid  solution  from  CU9S5  to  Cu5FeS4  is 
discussed  elsewhere  in  this  report. 

Orthorhombic  Cu2S  on  heating  inverts 
at  100°±2°C  (Kullerud,  unpublished 
data)  to  a  hexagonal  polymorph  (Buerger 
and  Buerger,  1944),  and  a  second  inversion 
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at  approximately  470  °C  was  reported  by 
Djurle  (1958)  to  result  in  a  third  poly- 
morph of  cubic  symmetry.  X-ray  diffrac- 
tion patterns  of  Cu2S  at  550  °C  confirmed 
the  existence  of  the  cubic  polymorph, 
which,  like  the  hexagonal  form,  cannot  be 
quenched  to  room  temperature.  Cubic 
Cu2S   is   isostructural  with   digenite  and 


composition  is  near  Cu2S.  Optically,  how- 
ever, all  compositions  lying  in  the  triangu- 
lar area  between  Cu2S,  Cu9S5,  and 
CusFeS4  appear  to  consist  of  a  single  phase. 
A  high-temperature  X-ray  diffraction 
study  solved  this  dilemma  and  established 
the  complete  solid  solution  between  Cu2S, 
Q19S5,  and  Cu5FeS4  in  all  proportions  at 


S(liquid) 


Cu9S5i 
Cu2S 


Weight  per  cent 


Fig.  43.  The  system  Cu-Fe-S  at  700°C.  Bornite,  chalcopyrite,  and  pyrrhotite  solid  solutions 
(br  s.s.,  cp  s.s.,  and  po  s.s.)  are  shown  as  stippled  areas.  The  numbered  areas  are:  1,  br  s.s- 
L-V;  2,  br  s.s.-cp  s.s-L-V;  3,  cp  s.s.-L-V;  4,  cp  s.s.-py-L-F;  5,  py-cp  s.s.-po  s.s.-F;  6,  py-po 
s.s.-F;  7,  cp  s.s.-po  s.s.-F;  8,  br  s.s.-cp  s.s.-F;  9,  br  s.s.-cp  s.s.-po  s.s.-F;  10,  br  s.s.-po  s.s  —V;  11,  br 
s.s.-po  s.s.-Fe-F;  12,  br  s.s.-Fe-Cu-F;  13,  br  s.s.-Cu-F.   (L,  liquid;  V,  vapor;  py,  pyrite.) 


bornite  and  has  a  cell  edge  of  5.73  A  at 
600°C. 

The  limit  of  bornite  solid  solution  is  dif- 
ficult to  determine  because  only  composi- 
tions in  a  limited  area  of  the  solid  solution 
can  be  quenched  to  room  temperature. 
(All  compositions  between  CU9S5  and 
Cu5FeS4  as  well  as  those  along  a  line  from 
Cu2S  to  Cu5FeS4  which  contain  at  least 
6  weight  per  cent  iron  are  quenchable.) 
Orthorhombic  and/or  hexagonal  chalcocite 
is  always  present  in  the  product  of  silica- 
glass    tube   experiments    when    the    bulk 


700  °C.  The  complexity  of  the  room-tem- 
perature powder  patterns  can  be  explained 
by  the  formation  of  lower-temperature 
polymorphs  of  Cu2S  on  cooling.  The  area 
of  bornite  solid  solution  is  shown  in  detail 
in  figure  44. 

Bornite  with  less  than  approximately  57 
weight  per  cent  copper  cannot  be 
quenched  to  room  temperature;  the 
quenched  product  always  contains  bornite 
with  chalcopyrite  lamellae  distributed  in 
a  typical  exsolution  pattern.  The  composi- 
tion of  the  bornite  and  chalcopyrite  cannot 
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be  accurately  determined;  however,  the 
compositions  are  intermediate  members  of 
their  respective  solid  solutions.  Bornite 
solid  solution  also  includes  compositions 
with  more  metal  than  stoichiometric 
bornite  (fig.  44) .  These  metal-rich  bornite 
mix-crystals  have  markedly  different  opti- 
cal properties  from  those  of  other  mem- 
bers of  the  bornite  solid  solution  series. 
Their  color  under  reflected  light  varies 
from  grain  to  grain,  with  shades  of  orange, 
blue,  and  gray  predominating,  and  the 
crystals  are  slightly  anisotropic.  The  room- 


cubic  polymorph  of  chalcopyrite  stable  at 
700  °C  inverts  even  on  rapid  cooling  to  a 
tetragonal  form,  except  for  the  most  metal- 
rich  compositions  of  the  solid  solution 
(fig.  45) .  Depending  on  their  exact  compo- 
sition, these  metal-rich  mix-crystals  invert 
to  the  tetragonal  form  at  atmospheric  pres- 
sure and  room  temperature  after  several 
days.  Furthermore,  bornite  lamellae  ex- 
solve  from  rapidly  cooled  copper-rich 
chalcopyrite,  and  these  lamellae  are 
much  smaller  than  the  chalcopyrite 
lamellae  in  bornite  which  were  described 


Weight  per  cent  Cu 


Fig.  44.    The  area  of  bornite  solid  solution  at  700°C.  Tie  lines  from  bornite  to  other  phases  are 
shown  schematically,  and  the  numbered  assemblages  correspond  with  those  shown  in  figure  43. 


temperature  X-ray  powder  pattern,  how- 
ever, appears  to  be  identical  to  that  of 
cubic  bornite  except  for  a  slight  change 
in  a.  The  maximum  iron  content  of 
bornite  mix-crystals,  which  have  the  same 
copper  content  as  stoichiometric  bornite, 
is  12.2  weight  per  cent  as  compared  with 
11.13  weight  per  cent  Fe  in  Cu5FeS4. 

The  boundary  of  the  extensive  area  of 
chalcopyrite  solid  solution  (Greig,  Jensen, 
and  Merwin,  Year  Book  54,  pp.  129-134) 
has  been  determined  at  ten  points  and  is 
shown  in  detail  in  figure  45.  It  is  interest- 
ing to  note  that  the  solid  solution  does  not 
include  the  compositions  CuFeS2  (chal- 
copyrite), CuFe2S3  (cubanite),  or 
Cu3Fe4S6  at  700°  C.  The  high-temperature 


above.  The  lamellae  often  form  a  dis- 
tinctive texture  depending  on  the  composi- 
tion of  the  charge  and  the  condition  of  the 
quench.  This  texture  consists  of  two 
closely  spaced,  parallel  bornite  lamellae, 
with  the  chalcopyrite  between  two  lamellae 
of  a  slightly  different  composition  from 
that  of  the  chalcopyrite  in  the  larger  area 
surrounding  the  lamellae. 

The  limit  of  copper  solubility  in  pyr- 
rhotite  and  the  position  of  tie  lines  join- 
ing the  pyrrhotite  solid  solution  have 
not  been  accurately  determined,  although 
at  least  3  weight  per  cent  copper  appears  to 
be  soluble  in  pyrrhotite  at  700  °C. 

Tie  lines  from  iron  and  copper  to 
metal-rich   bornite   divide   the   metal-rich 
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portion  of  the  system  into  two  univariant 
assemblages,  copper-bornite-iron-vapor 
and  iron-bornite-pyrrhotite-vapor,  and 
one  divariant  assemblage  of  copper- 
bornite-vapor.  The  limited  solubility  of 
copper  in  iron  has  been  ignored  in  draw- 
ing the  phase  relations  in  figure  43.  Copper 
and  pyrrhotite  have  not  been  reported  in 
terrestrial  rocks,  although  this  assemblage 
is  reported  to  occur  in  meteorites  (Quirke, 
1919),  suggesting  that  at  higher  tempera- 
ture the  tie  line  from  iron  to  bornite  may 
be  replaced  by  a  tie  line  from  copper  to 


there  are  probably  few  if  any  major  tie  line 
changes  at  lower  temperature.  Tie  lines 
in  the  area  where  metal  is  not  a  stable 
phase  must  undergo  numerous  and  major 
changes  at  lower  temperature  as  a  result 
of  the  appearance  of  new  phases  (covellite 
and  idaite)  and  solvus  curves  in  both  born- 
ite and  chalcopyrite  solid  solutions.  Reac- 
tion rates  are  faster  in  assemblages  that  do 
not  contain  free  metal,  and  isothermal 
sections  at  lower  temperature  are  currently 
being  determined  in  the  system  where 
metal  is  not  a  stable  phase. 


Weight  per  cent  Cu 


Fig.  45.  Limit  of  chalcopyrite  solid  solution  at  700°C.  The  positions  of  tie  lines  are  slightly 
exaggerated  for  clarity  of  presentation.  Numbered  assemblages  correspond  with  those  shown  in 
figure  43. 


pyrrhotite.  The  narrow  divariant  area  of 
bornite-pyrrhotite-vapor  (fig.  45)  is  of 
particular  interest,  since  this  assemblage, 
although  rare,  is  known  in  nature,  and 
previously  there  was  considerable  doubt 
that  it  was  stable.  There  is  also  an  even 
narrower  area  in  which  the  univariant  as- 
semblage bornite-chalcopyrite-pyrrhotite- 
vapor  is  stable.  The  position  of  this  area 
has  been  slightly  exaggerated  in  figure  45 
for  clarity  of  presentation.  Other  stable 
assemblages  at  700  °C  confirm  the  results 
of  previous  studies  and  may  be  seen  by 
inspection  of  figure  43. 

Reaction  rates  in  the  metal-rich  portion 
of  the  system  are  slow  even  at  700  °C,  but 


The  CugSs-CusFeSi  Join 
G.  Kullerud 

Bornite-digenite  assemblages  are  found 
in  many  copper-iron-sulfur  ore  deposits 
and  have  for  instance  been  reported  from 
numerous  localities  in  the  Butte  mining 
district,  Montana.  Bornite  is  frequently 
observed  in  exsolution  lamellae  in  digenite, 
but,  also  often,  is  indicated  by  textural 
relations  to  have  coexisted  with  digenite 
as  a  separate  mineral  at  the  time  of  forma- 
tion of  the  assemblage.  Exsolution  of 
digenite  from  bornite  has  also  been  re- 
ported, although  not  as  frequently  as  ex- 
solution  of  bornite  from  digenite.  There- 
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fore,  knowledge  of  the  Cu9S5-Cu5FeS4 
phase  relations  obtained  through  system- 
atic laboratory  studies  on  synthetic  ma- 
terials may  prove  very  valuable  when  ap- 
plied to  ores. 

Digenite  synthesis  has  been  described 
in  detail  on  earlier  occasions.  Homogene- 
ous bornite  is  readily  synthesized  at  ele- 
vated temperatures  from  the  elements 
mixed  in  the  appropriate  proportions.  At 
lower  temperatures,  however,  heating 
even  for  several  months  results  in  a 
number  of  phases. 


tubes  containing  material  for  regrinding 
while  they  were  submerged  in  an  inert 
liquid  such  as  pure  acetone.  The  grinding 
was  performed  likewise  under  acetone, 
and  the  ground  material  was  transported 
to  new  tubes  still  under  acetone.  The 
acetone  was  removed  during  evacuation, 
and  the  tubes  were  sealed  again  without 
the  material's  being  in  contact  with  the 
atmosphere  at  any  time.  The  desired 
compositions,  usually  at  10  atomic  per  cent 
intervals,  were  obtained  by  weighing  the 
elements  one  at  a  time  into  the  silica  tubes 
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Fig.  46.    Variation  in  the  20   angle  of  the   (220)    reflection  as  function   of  composition    (Cu 
radiation) . 


It  was  found  that  at  and  below  600  °C 
heating  even  for  4  months  produced  sev- 
eral phases,  and  regrinding  of  the  material 
was  required  in  order  to  obtain  homoge- 
neous bornite  as  the  only  phase.  Bornite 
in  the  unopened  silica  tubes  in  which  it 
was  grown  has  a  tombac  to  brass-yellow 
color.  On  opening  the  tubes  in  air,  how- 
ever, the  color  changes  immediately  and 
the  bornite  even  after  only  a  few  seconds 
acquires  a  pinkish  cast.  On  continued  ex- 
posure the  pinkish  color  changes  through 
brownish  purple  and  purple  to  deep  purple 
and  finally  an  iridescent  blue.  Because  of 
this  oxidation  it  was  necessary  to  open  the 


with  the  highest  possible  precision.  Re- 
grinding was  required  of  these  materials 
to  obtain  equilibrium  conditions  at  and 
below  600 °C  in  less  than  4  months.  Com- 
plete solid  solution  between  digenite  and 
bornite  was  obtained  at  700°,  600°,  500°, 
and  400  °C.  The  crystallographic  properties 
of  this  F3dm  solid  solution  are  described 
elsewhere  in  this  report  by  Morimoto  and 
Kullerud.  X-ray  powder  diffraction  pat- 
terns of  rapidly  chilled  homogeneous  mix- 
crystals  show  that  the  cell  dimensions  vary 
consistently  and  markedly  with  composi- 
tion. Figure  46  shows  the  20  angles  for 
the  cubic  high-temperature   (220)    reflec- 
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tion  8  of  twelve  homogeneous  mix-crystal 
compositions  synthesized  at  600  °C.  Be- 
cause of  the  large  variation  in  the  20  values 
the  curve  in  figure  46  may  be  used  to 
obtain  accurate  mix-crystal  compositions 
from  the  measured  angles,  and  it  is,  there- 
fore, of  great  value  in  the  determination 
of  the  digenite-bornite  solvus  curve. 

The  phase  relations  between  these  min- 
erals are  shown  in  figure  47.  Digenite 
has    a     rhombohedral     crystal    structure 


The  phase  relations  shown  in  figure  47 
explain  the  textural  relations  between 
digenite  and  bornite  as  found  and  de- 
scribed in  ore  deposits. 

In  ores  where  bornite  only  occurs  in 
lamellae  in  digenite  the  phase  relations 
shown  in  figure  47  indicate  a  "minimum" 
temperature  for  the  formation  of  the  as- 
semblage, a  temperature  on  the  solvus  at 
or  above  which  the  ore  must  have  been 
heated  to  produce  a  homogeneous  phase 
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Fig.  47.     Phase  relations  along  the  digenite-bornite  join. 


(Donnay,  Donnay,  and  Kullerud,  1958) 
below  65  °C  and  the  cubic  F3dm  structure 
above  this  temperature.  Bornite  has  a 
tetragonal  crystal  structure  below  230°  ± 
4°C  and  is  isostructural  with  digenite 
above  this  temperature. 

It  is  noted  that  the  solvus  is  rather  asym- 
metric. Its  crest  lies  at  65  to  70  mole 
per  cent  bornite  and  at  a  temperature  of 
about  330  °C.  The  solubility  of  bornite  in 
rhombohedral  digenite  appears  to  be  ap- 
preciable whereas  the  solubility  of  cubic 
as  well  as  rhombohedral  digenite  in 
tetragonal  bornite  is  quite  small,  as  is  seen 
in  figure  47. 

8  Corresponding  to  (10,10,0)  of  5a  digenite 
and  (4,4,0)  of  2a  bornite. 


which  later  on  cooling  again  exsolved. 
Similar  considerations  are  of  course  valid 
in  the  less  frequent  cases  when  digenite 
occurs  in  lamellae  in  bornite. 

When  bornite  occurs  in  lamellae  in 
digenite,  as  well  as  in  a  separate  phase, 
which  at  the  time  of  ore  deposition  was 
in  equilibrium  with  digenite,  the  tempera- 
ture of  formation  of  the  assemblage  may 
be  obtained  directly  from  the  solvus  curve. 

Crystallography  of  the  CmSs-CusFeSi 
Series 

N.  Morimoto  and  G.  Kullerud 

Beautiful  crystals  of  the  geologically  im- 
portant sulfide  minerals  digenite  (Q19S5) 
and  bornite  (Cu5FeS4)  have  been  synthe- 
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sized  during  the  course  of  phase-equi- 
librium studies  at  this  laboratory.  Results 
of  detailed  crystallographic  examination  of 
these  crystals  have  proved  very  useful  in 
the  interpretation  of  naturally  occurring 
ore  specimens. 

Syntheses.  Crystals  of  nine  different 
compositions  along  the  join  were  pre- 
pared by  combining  the  desired  propor- 
tions of  the  elements.  The  materials  were 
heated  in  evacuated  and  sealed  silica-glass 
tubes  at  700  °C  until  all  sulfur  combined 
with  the  metal.  Then  the  tubes  were 
opened  under  acetone  and  the  materials 


Figure  48,  plate  2,  shows  the  Buerger 
precession  photographs  of  (110)o*  of  speci- 
mens of  various  compositions.  All  speci- 
mens were  synthesized  at  600  °C  and 
"quenched,"  except  the  natural  digenite 
(fig.  48<f).  Besides  the  strong  reflections 
due  to  the  common  subcell,  superstructure 
reflections  were  observed  in  these  photo- 
graphs. The  positions  and  the  intensities 
of  the  superstructure  reflections  change 
stepwise  with  change  in  composition. 
Figure  49  shows  the  examined  specimens 
and  their  structure  types.  In  table  5  the 
crystallographic  data  of  the  specimens  are 
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Fig.  49.  The  examined  specimens  and  their  structure  types  shown  in  a  T-X  diagram.  The 
specimens  were  "quenched"  from  the  temperatures  indicated.  Structure  types  are  given  by  num- 
bers.  T  represents  the  tetragonal  low-temperature  form  of  bornite. 


were  finely  ground.  The  mixtures  were 
inserted  in  new  silica  tubes  which  again 
were  evacuated  and  heated  at  temperatures 
ranging  from  100°  to  900  °C  for  lengths 
of  time  sufficient  for  establishment  of 
equilibrium  and  finally  were  chilled  in 
cold  water.  The  crystals  were  examined 
by  the  oscillation,  Weissenberg,  and 
Buerger  precession  methods. 

Superstructures  of  the  "quenched"  prod- 
ucts (the  n'a-type  superstructures).  The 
X-ray  data  on  the  "single  crystals"  of 
"quenched"  products  show  the  existence 
of  various  superstructures,  all  of  which 
have  a  common  cube  as  the  fundamental 
subcell.  The  cell  edge  length  of  the  sub- 
cell  changes  from  5.47  to  5.57  A  according 
to  the  chemical  compositions. 


given.  Along  the  join  the  2a-,  4a-,  5a-,  and 
6^-type  superstructures  occurred  as  single 
phases  and  were  studied  in  detail.  The 
3<z-type  superstructure  was  believed  to 
occur  in  a  specimen  containing  50  mole 
per  cent  Cu5FeS4  (fig.  49) ,  but  we  are  not 
sure  about  this  type. 

Low-temperature  forms  (the  modified 
n'a-type  superstructures).  When  the 
rapidly  cooled  materials  are  kept  at  room 
temperature  they  transform  after  a  few 
days  to  low-temperature  forms.  The  ma- 
terials of  digenite  composition  begin  to 
show  additional  reflections,  although  they 
still  maintain  the  same  size  of  the  cell 
(the  modified  5tf-type  superstructure). 
Figures  4%d  and  48^  show  the  patterns  of 
the   synthetic   and    the   natural   digenite, 
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respectively.  The  low-temperature  form 
of  synthetic  digenite  has  the  same  pattern 
as  that  of  the  natural  specimen.  Similarly 
when  maintained  at  room  temperature  the 
materials  of  bornite  composition  show 
tetragonal  symmetry  with  #=10.94  A  and 
£•=21.88  A,  owing  to  slight  modifications 
of  the  2#-type  superstructure  (the  modified 
2^-type  superstructure).  The  materials  of 
the  intermediate  compositions  with  the 
4#-type  superstructure  show  unmixing  to 
two  types:    the  modified  2#-type   super- 


Experiments  performed  on  synthetic 
bornite  show  the  differences  between  three 
forms  of  bornite  as  in  figure  50,  plate  3. 
The  precession  photographs  were  taken 
for  (100)  i#  without  screen  attachment, 
(a)  at  22° C  1  week  after  the  rapid  cooling 
from  400°C,  (b)  at  240°±5°C,  and  (c) 
at  22  °C  within  1  hour  after  heating.  The 
changes  in  the  patterns  are  shown  sche- 
matically in  figure  51.  Here  (a)  shows 
the  low-temperature  form  with  the  cubic 
cell  of  0=5.47  Ax 4;  (b)  the  high-temper- 


TABLE  5.    Crystallographic  Data  on  the  Synthetic  Materials  along  the  Bornite-Digenite  Join 
All  these  specimens  have  cubic  symmetry  and  diffraction  aspect  F***. 


Specimen 
No. 

Composition,  wt  % 
Cu5FeS4          Cu9S5 

Cell 

Edge, 

A 

Type 

aXt, 

A 

7\°C 

Special 

Extinction 

Rules 

(bornite) 

(digenite) 

1 

100 

10.94 

5.47x2 

100-900  *           J 

rh—  Am±Li 

7               A           .     T 

2 

95 

5 

10.94 

5.47x2 

600 

k=  4/2  ±L 
,/=           L 

3 

90 

10 

21.92 

5.48x4 

600 

h—  %m±L 
\=  Sn  ±L 
I  —           L 

4 

75 

25 

21.96 

5.49x4 

600  and  700 

5 

50 

50 

22.08 

5.52x4 

300,}:  400,  and  600 
600 

6 

43 

57 

22.12 

5.53x4 

7 

33 

67 

27.70 

5.54x5 

700                 J 

rh  =  10m±L 

8 

10 

90 

27.80 

5.56x5 

600 

k  =  10n  ±L 
J=           L 
rh  =  \2m±L 

9 

100 

33.42 

5.57x6 

100-800  § 

k  =  \2n  ±L 
J=           L 

*  Bornite  occurs  in  two  crystallographic  modifications.  The  inversion  point  is  above  230°C.   Only 
the  cubic  form  is  considered  in  the  table. 
•fm  and  n  are  integers  including  zero. 

X  The  specimen  synthesized  at  300 °C  for  6  months  is  a  mixture  of  two  phases,  2a  and  4a  types. 
§  Specimens  synthesized  above  600°C  usually  show  very  complex  patterns. 


structure,  and  the  modified  4^-type  super- 
structure with  additional  reflections  as  for 
the  low-temperature  form. 

High-temperature  experiments  (the 
a-type  structure) .  The  superstructures  de- 
scribed above,  based  on  the  common 
fundamental  subcell,  suggest  the  existence 
of  a  high-temperature  form  along  the 
join,  and,  furthermore,  that  this  high  form 
is  unquenchable.  In  order  to  clarify  this 
assumption,  high-temperature  experiments 
were  made  with  the  Buerger  precession 
camera,  which  was  modified  for  high- 
temperature  use. 


ature  form  with  0  =  5.47  A;  and  (c)  the 
metastable  form  with  0=5.47  Ax2.  The 
apparent  cubic  cell  of  a  =  5.47  A  X  4  of  the 
low-temperature  form  is  explained  as  due 
to  twinning  of  the  tetragonal  cell  of 
0=10.94  A  and  c— 21.88  A  with  twinning 
axis  of  [221  ]*.  Similar  experiments  on 
synthetic  and  natural  digenite  show  con- 
clusively that  the  5^-type  superstructure 
of  digenite  is  produced  metastably  on 
rapid  cooling. 

The  high-temperature  form  has  the  anti- 
fluorite  structure  with  metal  atoms  occupy- 
ing tetrahedral  positions  statistically.    In 


GEOPHYSICAL  LABORATORY        119 


order  to  determine  the  crystal  structures 
of  the  low-temperature  forms,  the  meta- 
stable  form  of  bornite  was  first  studied,  be- 
cause its  structure  is  similar  to  and  still 
simpler  than  that  of  the  low-temperature 
form  and  has  the  smallest  unit  cell  of  the 
metastable  forms  occurring  along  the  join. 
Twin  mechanism  of  the  metastable 
forms.  Certain  systematic  extinction  rules 
which  govern  the  superstructure  reflec- 
tions, and  which  were  observed  in  all 
rapidly  cooled  specimens,  made  the  struc- 
ture determinations  rather  simple.  The 
absence    of   reflections    in    the    diamond- 


sulfur  atoms  in  the  rhombohedral  cell, 
instead  of  40  Cu,  8  Fe,  and  32  S  atoms 
in  the  cube  with  10.94-A  cell  edge. 

Crystal  structure  of  the  metastable  born- 
ite. The  crystal  structure  of  the  meta- 
stable form  of  bornite  was  determined  on 
the  basis  of  the  f  undamental_rhombohedral 
cell  with  the  space  group  R3m.  The  steep- 
ness of  the  rhombohedral  cell  and  the 
number  of  atoms  in  the  unit  cell  require 
all  atoms  to  be  placed  along  the  threefold 
axis  of  the  cell,  in  xxx  positions,  or  to  be 
placed  statistically  around  the  threefold 
axis  in  xyz  positions.    Only  the  approxi- 


800o 


Fig.  51.    Precession  diagrams  of  figure  50,  with  the  possible  reciprocal  lattices,    (a),  (b),  and 
(c)  correspond  to  those  of  figure  50. 


shaped  areas  in  the  precession  photographs 
in  figure  48  shows  the  rules  clearly.  These 
extinction  rules  are  expressed  in  the  gen- 
eral form  that  only  the  reflections 
(2tm  ±  L,  2tn  ±  L,  L)  appear  when  the 
superstructures  have  the  fa  types.  These 
extinctions  are  explained  satisfactorily  by 
assuming  that  the  metastable  forms  con- 
sist of  domains  of  rhombohedral  sym- 
metry in  a  twin  relation.  This  explana- 
tion was  first  applied  to  synthetic  digenite 
by  Donnay,  Donnay,  and  Kullerud  (1958). 
The  rhombohedral  cell  has  #  =  6.70  A, 
and  a  =  33°  32',  and  the  volume  is  Viq  of 
that  of  the  cubic  supercell.  Thus,  the 
problem  is  simplified  to  determination  of 
the  positions  of  three  metal  atoms  and  two 


mate  structure  was  determined  because 
(1)  the  reflections  with  hJr\Jrl—2n  are 
usually  strong  and  are  superimposed  on 
three  other  reflections  by  twinning,  mak- 
ing it  difficult  to  obtain  accurate  intensity 
for  each  reflection,  and,  therefore,  the  use 
of  Fourier  synthesis  was  hampered;  (2) 
the  fluctuations  of  the  observed  Fmi/fm 
with  h-\-\Jrl—2n-\r\  are  not  great  enough 
to  distinguish  the  displacements  of  metal 
atoms  from  the  threefold  axis. 

The  structure  obtained  by  the  trial-and- 
error  method  is  shown  in  figure  52a  by  the 
hexagonal  cell  and  in  figure  52b  by  the 
rhombohedral  cell.  Only  one-half  of  the 
Mii  positions  are  occupied  by  metal  atoms 
statistically.  The  structure  is  described  as 
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a  layer-structure  parallel  to  (0001)  of  the 
hexagonal  cell.  Sulfur  layers  lie  between 
two  kinds  of  metal  layers  Mi  and  Mn.  The 
sequences  of  the  S  and  M  layers  in  the 
structure  are  shown  schematically  along 
the  [0001]hex  in  figure  53.  A,  B,  and  C 
represent  the  positions  in  the  successive 
three  layers  in  the  cubic  closed  packing. 

Crystal  structures  of  other  types.    In  the 
same  way  as  for  bornite,  the  special  ex- 
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Fig.  52.  The  crystal  structure  of  metastable 
bornite  (a)  by  the  rhombohedral  cell  and  (b) 
by  the  hexagonal  cell.  Mj  positions  (black  double 
circles)  are  occupied  completely  by  the  metal 
atoms.  Only  half  of  the  Mn  positions  (black 
circles)  are  statistically  occupied  by  the  metal 
atoms. 

tinction  rules  among  the  superstructure 
reflections  were  explained  by  the  twinning 
of  the  rhombohedral  cell  for  the  materials 
of  different  compositions.  The  positions 
and  distributions  of  atoms  in  these  struc- 
tures were  determined  by  trial-and-error 
methods.  They  are  shown  schematically 
in  figure  54.  In  this  figure  only  the  atoms 
along  the  threefold  axis  of  the  rhombo- 
hedral cell  are  shown.  The  distributions 
of  vacancies  among  the  metal  atom  posi- 


tions give  various  types.   As  the  ratio  of 
metal  atoms  to  sulfur  atoms  increases  from 
bornite  to  digenite,  the  vacant  positions 
decrease,  making  the  supercell  bigger. 
Natural  materials.    Some  of  the  natural 
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Fig.  53.  The  sequences  of  the  sulfur  and 
metal  layers  in  the  metastable  bornite  structure 
along  the  threefold  axis.  A,  B,  and  C  represent 
the  positions  in  the  successive  three  layers  of  the 
cubic  closed  packing. 

crystals  that  seem  to  belong  to  this  join 
were  studied.  Bornite  always  showed 
X-ray  patterns  which  could  be  explained 
by  the  low-temperature  form  (the  modi- 
fied 2#-type  superstructure).  Conflicting 
data  described  for  bornite  in  the  literature 
(Frueh,  1950;  Donnay,  Donnay,  and  Kul- 
lerud,   Year   Book   57,  pp.   248-249)    are 
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Fig.  54.    The  positions  and  distribution  of  atoms    in   various   metastable   superstructure   types 
schematically  represented  along  the  threefold  axes  of  the  rhombohedral  cell. 


explained  by  twinning  of  the  tetragonal 
crystals  of  the  low-temperature  form. 
Digenite,  found  with  bornite,  gives  the 
modified  5#-type  pattern  with  additional 
reflections.  The  other  superstructures  such 
as  the  3#-,  4#-,  and  6#-type  have  not  yet 
been  discovered  in  nature. 

The  additional  reflections  of  the  low- 
temperature  forms  of  bornite  and  digenite 
can  be  explained  by  lowering  of  the  sym- 
metry of  the  individual  domains  from 
rhombohedral  to  monoclinic  without 
destroying  the  twinning  mechanism. 


Phase  relations.  The  phases  occurring 
along  the  digenite-bornite  join  are  listed 
schematically  in  figure  55.  All  the  compo- 
sitions along  the  join  have  cubic  symmetry 
with  #=5.5  A  at  high  temperature  (above 
65  °C  for  synthetic  digenite  and  230  °C  for 
synthetic  bornite). 

By  rapid  cooling,  metastable  forms  ap- 
pear. They  have  various  superstructures, 
depending  on  their  compositions.  In  these 
superstructures,  the  positions  for  metal 
atoms  are  not  equivalent  and  some  of  them 
are  partly  vacant  with  rhombohedral  sym- 
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Fig.  55.    Phases  occurring  along  the  digenite-bornite  join. 


122        CARNEGIE  INSTITUTION  OF  WASHINGTON 


metry.  As  the  orientation  of  the  rhombo- 
hedral  symmetry  changes  locally,  the 
crystal  as  a  whole  gives  the  same  effect 
as  that  produced  by  twinning  of  the 
rhombohedral  crystals. 

This  metastable  form  inverts  to  the  low- 
temperature  form  after  a  few  days  at  room 
temperature.  In  the  low-temperature  form 
the  metal  atoms  are  completely  ordered. 
This  changes  the  symmetry  of  the  domains 
from  rhombohedral  to  monoclinic.  Thus 
these  crystals  are  regarded  as  twins  of 
monoclinic  crystals,  although  they  display 
together  an  apparent  cubic  or  tetragonal 
symmetry.  This  is  the  case  in  natural 
bornite  and  digenite. 

Re-examination    of  a   Bornite   from    the 
Carn  Brea  Mine,  Cornwall 

N.  Morimoto,  J.  W.  Greig,  and  G.  Tunell 9 

General  statement.  In  1949  Tunell  and 
Adams  published  data  obtained  from  the 
rotation  and  Weissenberg  X-ray  photo- 
graphs of  a  crystal  of  a  bornite  from  the 
Carn  Brea  Mine,  Illogan,  Cornwall,  to- 
gether with  an  approximate  structure 
based  on  these  data,  which  accounted  for 
the  spots  of  medium  and  strong  intensity 
of  their  photographs  but  not  for  all  the 
weak  ones.  Shortly  afterward  Frueh's 
paper  "Disorder  in  the  mineral  bornite, 
Cu5FeS4,"  appeared  (Frueh,  1950).  He 
had  made  similar  photographs  of  bornite 
from  Bristol,  Connecticut.  The  authors 
of  these  papers  had  been  able  to  compare 
their  data  before  the  publication  of  their 
papers,  and  it  had  been  clear  that  the 
patterns  they  had  obtained  had  differed, 
and  that  the  minerals  studied  had  also 
differed. 

The  decision  to  re-examine  this  Carn 
Brea  material  was  made  at  a  conference 
of  the  three  of  us  at  the  Geophysical 
Laboratory  in  November  1959.  Greig  had 
been  making  a  microscopic  and  thermal 
study  of  a  number  of  natural  specimens 
labeled  bornite.  He  had  found  that  many 

9  University  of  California,  Los  Angeles. 


of  these  do  not  differ  significantly,  in 
appearance  under  the  microscope  or  in  be- 
havior when  heated,  from  bornite  of  com- 
position closely  approximating  Cu5FeS4, 
but  that  others  appear  to  be  solid  solutions 
corresponding  closely  in  behavior  with 
members  of  a  ternary  solid  solution  series 
of  the  system  Cu-Fe-S  whose  composition 
range  extends  from  iron-free  digenite  to 
compositions  containing  more  iron  than 
Cu5FeS4,  and  includes  the  composition 
Cu5FeS4,10  and  that  some  Cornwall  speci- 
mens appear  to  contain  solid  solutions  of 
somewhat  different  compositions  from 
normal  bornite.  At  this  conference  he 
presented  some  of  the  data  on  which  these 
conclusions  were  based.  Morimoto  had 
been  working  on  the  structure  of  bornites, 
and  had  examined  synthetic  bornite  and 
several  natural  bornites  by  the  Buerger 
precession  method.  The  data  obtained 
from  them  had  shown  that  all  are  struc- 
turally like  the  Bristol,  Connecticut,  born- 
ite that  had  been  used  by  Frueh.  It  was 
decided  to  re-examine  the  material  that 
Tunell  and  Adams  had  used:  Tunell 
would  send  his  crystals  to  the  Geophysical 
Laboratory,  where  Morimoto  would  ex- 
amine them  by  the  Buerger  precession 
method,  which  is  considerably  more  con- 
venient for  this  work  than  the  methods 
that  had  been  available  to  Tunell  and 
Adams,  and,  if  it  proved  desirable,  Greig 
would  make  a  microscopic  examination 
of  them. 

Through  the  kindness  of  Professor  G.  B. 
Langford  of  the  University  of  Toronto, 
and  of  Dr.  V.  B.  Meen  of  the  Royal 
Ontario  Museum,  the  specimen  from 
which  Tunell  had  obtained  the  crystals 
used  by  Tunell  and  Adams  (Royal 
Ontario  museum  no.  M  12733)  was  sent 

10  Merwin  and  Lombard  (1937),  on  their  equi- 
librium diagram  for  the  system  Cu-Fe-S  at  a 
sulfur  pressure  of  455  mm  Hg,  showed  the 
boundary  of  the  composition  range  of  this  solid 
solution  series  on  the  high  sulfur  side  at  this 
pressure  of  sulfur  by  the  line  GPRM.  The  dia- 
gram does  not  show  a  boundary  on  the  low  sul- 
fur side. 
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to  the  Geophysical  Laboratory,  where  a 
small  faceted  cluster  of  crystals  was  re- 
moved, and  polished  sections  of  it  were 
examined  under  the  microscope.  We  are 
concerned  here  only  with  the  outer  part 
of  this  cluster,  the  part  where  the  facets 
occur.  Without  giving  a  detailed  descrip- 
tion of  this  part  it  may  be  said  that  it 
consists  essentially  of  two  bornite-colored 
solid  solutions  and  the  products  of  un- 
mixing of  one  of  them.  The  first  of  these 
solid  solutions  forms  a  more  or  less  con- 
tinuous thin  outer  layer,  and  occupies  only 
a  very  minor  part  of  each  section.  It  is 
slightly  lighter  in  color  than  the  other 
solid  solution,  and  usually  appears  to  be 
microscopically  homogeneous  (2  mm, 
N.A.  1.30).  This  solid  solution  is  not  nor- 
mal bornite.  It  differs  from  synthetic 
low-temperature  bornite,  and  from  most 
of  the  naturally  occurring  materials  that 
Greig  has  examined,  in  that,  when  it  is 
heated  at  175  °C,  swarms  of  fine  lamellae 
of  chalcopyrite  develop  in  it.  The  second 
and  darker  of  these  solid  solutions,  to- 
gether with  the  products  of  its  unmixing, 
which  are  distributed  through  it  in  minute 
crystals,  lies  inside  the  thin  layer  of  lighter- 
colored  solid  solution,  and  forms  the  bulk 
of  the  material  with  which  we  are  con- 
cerned. The  products  of  unmixing  are 
taken  to  be  bornite  and  much  lesser 
amounts  of  digenite  and  chalcopyrite.  The 
extent  of  this  unmixing  differs  from  place 
to  place,  but  in  most  places  the  residual 
solid  solution  is  present  in  much  greater 
amount  than  the  unmixed  phases.  The 
identification  of  the  phases  was  made  pos- 
sible by  a  study  of  Merwin  and  Lombard's 
synthetic  preparations  that  had  been  car- 
ried out  by  Merwin  and  Greig.  In  these 
natural  materials  the  appearance  of  the 
phases  and  their  structural  relationships  as 
seen  in  polished  section  under  the  micro- 
scope are  so  like  those  of  the  synthetic 
preparations  as  to  leave  no  doubt  of  their 
close  correspondence.  Of  course  the  natural 
materials  may  contain  significant  amounts 
of  elements  other  than  Cu,  Fe,  and  S. 


For  single-crystal  X-ray  study  a  small 
splinter,  Da  175.14,  selected  to  consist  as 
nearly  as  could  be  of  the  darker  solid  solu- 
tion and  the  products  of  its  unmixing,  was 
taken  from  one  of  the  mounts.  It  did  con- 
tain some  of  the  lighter-colored  solid  solu- 
tion. A  photomicrograph  of  one  area  of 
the  polished  surface  of  this  splinter  is  re- 
produced as  figure  56,  plate  4.  As  will  be 
seen  from  Morimoto's  detailed  statement 
which  follows,  precession  photographs  of 
this  splinter  and  of  Tunell  and  Adams's 
two  crystals  are  identical  with  respect  to 
the  positions  of  spots,  and  Morimoto  in- 
terprets them  as  resulting  from  mixtures 
of  the  same  phases  in  each  case.  Part  of 
the  pattern  is  given  by  bornite,  largely 
low-temperature  (tetragonal)  bornite,  but 
probably  with  a  little  high-temperature 
(isometric)  bornite.  The  rest  of  the  pat- 
tern is  related  to  that  of  bornite,  but  differs 
from  it,  and  differs  also  from  the  patterns 
given  by  synthetic  solid  solutions  whose 
structures  Morimoto  has  studied.  It  is  due 
to  a  tetragonal  phase.  From  the  micro- 
scopic identification  of  phases  and  their 
relative  abundances,  this  phase  was  taken 
to  be  the  darker-colored  solid  solution.  The 
microscopic  study  gave  no  inkling  of  the 
presence  of  a  second  bornite.  To  judge 
from  the  patterns  the  ratio  of  the  amount 
of  darker  solid  solution  to  the  amount  of 
bornite  is  higher  in  Tunell  and  Adams's 
crystals  than  in  the  splinter  Da  175.14.  The 
digenite  and  chalcopyrite  present  do  not 
show  in  the  patterns,  presumably  because 
they  form  such  small  fractions  of  the 
whole.  The  same  is  true  of  the  lighter- 
colored  solid  solution,  if  its  pattern  is  ap- 
preciably different  from  those  that  do 
show. 

Although  the  proportion  of  the  lighter- 
colored  solid  solution  on  the  polished  sur- 
face of  the  splinter  Da  175.14  was  low,  it 
was  not  really  known  to  be  low  in  other 
parts  of  the  splinter.  Thus  the  possibility 
remained  that  it  might  have  had  a  greater 
effect  on  the  pattern  than  had  been  sup- 
posed.   By  using  material  from  another 
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mine  this  possibility  could  be  ruled  out. 
A  specimen  from  the  Cook's  Kitchen 
Mine,  Illogan  (U.  S.  National  Museum 
no.  R  9019),  contains  material  that,  under 
the  microscope,  closely  resembles  the  main 
part  of  the  polished  surface  of  the  splinter, 
i.e.  the  darker  solid  solution  with  the  prod- 
ucts of  its  unmixing.  This  material  also 
contains  a  good  deal  of  coarse  chalcopyrite, 
but,  in  the  several  sections  that  were  ex- 
amined, none  of  the  lighter-colored  solid 
solution  was  found.  A  precession  photo- 
graph of  a  selected  fragment  of  it,  Db 
173.14,  gave  a  pattern  like  that  given  by 
splinter  Da  175.14  and  by  Tunell  and 
Adams's  crystals,  but  with  the  addition  of 
spots  due  to  chalcopyrite.  Thus  what 
lighter-colored  solid  solution  may  be  pres- 
ent in  Da  175.14  or  in  Tunell  and  Adams's 
crystals  does  not  appreciably  modify  the 
pattern. 

Sections  of  faceted  clusters  of  crystals 
from  some  other  parts  of  the  R.O.M.  speci- 
men M  12733  are  different  from  the 
splinter  Da  175.14  in  the  microscopic  ap- 
pearance of  the  products  of  unmixing  of 
the  darker  solid  solution  and  in  the  extent 
of  its  unmixing.  A  splinter  from  one  of 
these  sections,  Be  175.14,  which  showed 
very  little  of  this  solid  solution  remaining, 
was  also  examined  by  the  precession 
method.  In  Morimoto's  detailed  statement, 
he  interprets  the  pattern  obtained  as  that 
of  high-temperature  bornite  with  weak 
spots  due  to  the  residual  solid  solution. 
From  the  microscopic  examination  the 
products  of  unmixing  of  the  darker  solid 
solution  are  taken  to  be  bornite,  digenite, 
and  chalcopyrite,  in  quite  different  pro- 
portions in  different  parts. 

We  are  at  present  unable  to  say  exactly 
what  the  composition  of  this  solid  solution 
is,  and  as  we  have  some  hope  of  obtaining 
further  information  about  it  we  shall  not 
discuss  it  here. 

Detailed  X-ray  crystallography.  In  the 
process  of  examining  natural  bornites  and 
comparing  the  results  obtained  with  those 
of  synthetic  bornites,  most  of  the  natural 
bornites  were  explained  as  twins  of  the 


low-temperature  bornite  as  described 
above.  The  following  five  crystals,  how- 
ever, gave  different  X-ray  patterns  from 
those  of  usual  bornite.  They  are :  I  and  II 
studied  by  Tunell  and  Adams  (1949)  and 
III  and  IV,  all  of  which  came  from  the 
same  hand  specimen  of  the  Cam  Brea 
Mine,  Illogan,  Cornwall  (Royal  Ontario 
Museum  no.  M  12733);  and  specimen  V, 
Cook's  Kitchen  Mine,  Illogan,  Cornwall 
(USNM  no.  R  9019).  Oscillation  photo- 
graphs of  these  abnormal  bornite  speci- 
mens around  the  principal  axes  gave  the 
translation  length  65.6  A  (5.47  Ax  12),  or 
32.8  A  (5.47  Ax 6)  along  the  axes.  If  we 
assume  the  length  of  the  cell  edge  to  be 
32.8  A,  the  oscillation  patterns  show  com- 
plete absence  of  the  first,  fifth,  seventh,  and 
eleventh  layer  lines,  as  pointed  out  by 
Tunell  and  Adams  (1949). 

Precession  photographs  were  taken 
around  various  zones  to  construct  the  recip- 
rocal space  lattice  of  Tunell  and  Adams's 
Cam  Brea  Mine  bornite  using  specimens 

I,  II,  III,  and  IV.  All  attempts  to  explain 
the  reciprocal  lattice  by  any  twinning  of 
low-temperature  bornite  were  unsuccess- 
ful, thus  making  it  necessary  to  assume  the 
existence  of  three  different  direct  lattices: 
(1)  the  cubic  lattice  of  the  high-tempera- 
ture bornite  with  #  =  5.47  A  (the  #-type 
form);  (2)  the  tetragonal  lattice  of  the 
low-temperature  form  of  bornite  with  a— 
10.94  A  and  <r=21.88  A  (the  modified  2a- 
type  form) ;  and  (3)  the  tetragonal  lattice 
of  a  new  phase  with  #=16.40  A  and  c= 
10.94  A.  Thus,  twinning  of  the  new  phase 
coexisting  with  the  high-  and  low-tempera- 
ture bornite  explained  all  the  observed 
reflections  of  the  Cam  Brea  specimens  I, 

II,  III,  and  IV. 

According  to  the  standard  setting,  the 
new  phase  is  described  as  tetragonal  with 
cell  dimensions  of  #=11.58  A  and  b  = 
10.94  A,  and  the  space  group  is  P^/nmc 
from  the  extinction  rules.  To  keep  the 
simple  relation  with  bornite,  we  will  adopt 
the  base-centered  lattice  with  #=16.40  A 
(  =  5.47  Ax3),  and  ^=10.94  A  (=5.47 
A  X  2) .  In  this  case,  the  space  group  sym- 
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TABLE  6. 

Phases  and  Their  Orientations  Found  in  Specimens  I  and  II  from  the  Cam  Brea  Mine 

Axes 

Bornite 

New  Phase 

Observed  Unit  Lengths 

High 

Low 

Crystal  I      Crystal  II      Crystal  IV 

of  Axes,  A 

A  [100] 
B  [010] 
C  [001] 

a* 

a 

a 

Aa 
2a 
2a 

2a                  3a                  3a 
3a                  2a                 3a 
3a                 3a                 2a 

12a  =  65.6 
6a= 32.S 
6*= 32.8 

*  a  denotes  5.47  A. 

bol  becomes  C4jacm.  In  all  the  specimens 
examined,  including  the  specimens  from 
Cook's  Kitchen  Mine  (USNM  no.  R  9019), 
the  new  phase  was  always  found  to  be  in 
twinning  relation.  The  twinning  axis  is 
[223],  corresponding  to  the  body  diagonal 
of  the  fundamental  cube  with  a  — 5.47  A. 

For  specimens  I  and  II  from  Cam  Brea 
Mine,  the  relations  observed  are  shown  in 
table  6,  where  a  represents  5.47  A.  This 
explains  not  only  the  long  translations 
along  the  axes  but  also  the  absence  of  some 
layers  as  noted  by  Tunell  and  Adams 
(1949)  on  the  oscillation  photographs  of 
specimens  I  and  II.  Furthermore,  the  re- 
flections that  could  not  be  indexed  on  the 


basis  of  the  cubic  lattice  with  a— 32.8 A  are 
also  explained.  Table  7  shows  the  relations 
for  specimen  III  from  Cam  Brea  Mine  and 
specimen  V  from  Cook's  Kitchen  Mine. 
The  twinning  relation  of  the  low-tempera- 
ture bornite  was  observed  in  these  speci- 
mens. The  twinning  axis  is  [221],  cor- 
responding to  the  body  diagonal  of  the 
fundamental  cube  as  in  the  new  phase. 
For  specimen  IV  from  Cam  Brea  Mine, 
the  relations  are  shown  in  table  8.  Only 
the  high-temperature  bornite  and  the  new 
phase  were  observed. 

The  crystallographic  data  for  the  new 
phase  given  here  do  not  correspond  to  any 
crystallographic  data  so  far  published  on 


TABLE  7.    Phases  and  Their  Orientations  Found  in  Specimen  III  from  the  Cam  Brea  Mine 
(Da  175.14)  and  in  Specimen  V  from  Cook's  Kitchen  Mine  (Db  173.14) 


Bornite 


New  Phase 


Axes 


Low 


High      Crystal      Crystal      Crystal 
I  II  III 


Crystal       Crystal     Crystal 
I  II  IV 


Observed  Unit 

Lengths  of 

Axes,  A 


A  [100] 

a* 

4a 

2a 

2a 

2a 

3a 

3a 

\2a=65.6 

B  [010] 

a 

2a 

4a 

2a 

3a 

2a 

3a 

I2a=65.6 

C  [001] 

a 

2a 

2a 

4a 

3a 

3a 

2a 

I2a=65.6 

*  a  denotes  5.47  A. 


TABLE  8.    Phases  and  Their  Orientations  Found  in  Specimen  IV  from  the  Cam  Brea  Mine 

(Be  175.14) 


Axes 

Bornite 
High 

New  Phase 

Observed  Units  Lengths 

Crystal  I 

Crystal  II 

Crystal  IV 

of  Axes,  A 

A  [100] 
B  [010] 
C  [001] 

a  * 

a 

a 

2a 
3a 
3a 

3a 
2a 
3a 

3a 
3a 
2a 

6^=32.8 
6a=32.S 
6a=32.S 

*  a  denotes  5.47  A. 
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copper  and  iron  sulfides.  It  is  noteworthy, 
however,  that  the  new  phase  and  both 
high-  and  low-temperature  bornite  are 
built  on  the  same  fundamental  cubic  unit 
cell  with  a  =  5A7  A  (the  #-type  form). 

THE  Fe-Ni-S  SYSTEM:    BRAVOITE 
SYNTHESIS 

L.  A.  Clar\  and  G.  Kullerud 

The  mineral  bravoite  ([Fe,Ni]S2)  oc- 
curs in  a  number  of  deposits,  all  of  which 
are  formed  at  relatively  low  temperatures. 
Synthesis  of  bravoite,  which  was  unsuc- 
cessfully attempted  by  "dry"  experiments 
(Clark  and  Kullerud,  Year  Book  58,  pp. 
142-145),  has  now  been  accomplished  by 
wet  chemical  methods.  Several  methods 
of  precipitation  from  aqueous  sulfate  solu- 
tions were  employed,  with  ammonium 
polysulfide  ([NH4]2Stf)  solution  emerging 
as  the  most  successful  precipitant.  Ferrous 
ammonium  sulfate  (FeSCVfNH^SCV 
6H20)  and  nickel  sulfate  (NiS04'6H20) 
were  weighed  in  the  desired  proportions 
and  dissolved  in  freshly  boiled  distilled 
water.  Precipitation  with  ammonium 
polysulfide  produced  a  voluminous,  amor- 
phous, black  precipitate  which  was  sealed 
in  a  4-mm  Pyrex  tube  together  with  a 
large  excess  of  the  ammonium  polysulfide 
solution  and  heated.  (For  temperatures  in 
excess  of  250°  to  275  °C  an  external  sup- 
porting pressure,  in  this  case  argon,  was 
required.)  At  temperatures  below  about 
230°  to  240  °C  the  crystalline  product  gave 
the  X-ray  powder  diffraction  pattern  of 
bravoite.  (The  pattern  is  similar  to  that 
of  pyrite  and  vaesite  with  the  peak  posi- 
tions lying  approximately  midway  between 
the  two  end  members.)  In  simplified  form 
the  reaction  producing  bravoite  may  be 
written 


4Fe++  +  iNi++  +  S/ 

(Fe,Ni)S2+(x-2)S°     (1) 

However,  elemental  sulfur  is  not  produced, 
because  it  is  involved  in  a  reaction  of  the 
following  type: 

4S  °  +  50H--^S04= + 3HS" + H2Q      (2) 


The  total  sulfur  content  of  the  (NH4)2S# 
aqueous  solution  is  not  known,  but  we 
estimate  x  to  be  about  5.  Combination  of 
reactions  1  and  2  gives 

2Fe++ + 2Ni++  +  4S5=  +  150H"-> 
4(Fe,Ni)S2  +  3S04=  + 

9HS"+3H20    (3) 

as  the  over-all  reaction.  The  consumption 
of  hydroxyl  ions  would  tend  to  decrease 
the  pH;  however,  the  large  excess  of  am- 
monium polysulfide  employed  buffers  the 
pH  at  about  9.  This  is  outside  the  stability 
field  of  elemental  sulfur  (Barnes,  Year 
Book  57,  pp.  236-237),  which  is  an  especial 
advantage  of  this  method  of  precipitation. 
The  product  when  filtered,  washed,  and 
dried  is  pure  bravoite  and  contains  no 
other  phases. 

At  temperatures  above  about  260  °C,  the 
same  procedure  produces  pyrite  and  vaesite 
phases,  each  containing  solid  solution  of 
the  other  phase  in  excess  of  the  equilibrium 
amount.  Experiments  at  temperatures  be- 
tween about  230°  and  260  °C  gave  uncer- 
tain results.  Bravoite  seemed  to  crystallize 
in  the  first  few  days.  Upon  further  heating 
it  began  to  break  up  into  two  phases,  as 
indicated  in  the  X-ray  pattern,  with  the 
X-ray  reflections  migrating  with  time  to- 
ward the  positions  of  the  end  members. 

Use  of  a  large  excess  of  (NH4)2S#, 
rather  than  just  the  amount  required  by 
the  reaction,  was  found  to  increase  the  rate 
of  crystallization  of  the  amorphous  pre- 
cipitate. This  is  undoubtedly  due  to  a  cer- 
tain amount  of  solubility  of  the  disulfide 
phase  in  the  polysulfide  solution. 

For  the  present,  we  may  conclude  that 
(1)  bravoite  can  be  produced  in  the  labora- 
tory, and  (2),  if  it  has  a  stability  field,  this 
field  must  lie  at  a  temperature  somewhere 
below  240  °C.  The  fact  that  bravoite  does 
occur  naturally  in  a  number  of  places  is 
not  necessarily  proof  that  it  is  thermody- 
namically  the  most  stable  phase;  it  may 
merely  indicate  that,  for  the  low  geologic 
temperature  conditions  under  which  bra- 
voite grows,  thermodynamic  equilibrium 
is  not  attained. 
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The  phase  relations  above  500  °C  in  the 
sulfur-rich  part  of  the  Fe-Ni-S  system  to- 
gether with  data  on  the  pyrite  (FeS2)  and 
vaesite  (NiS2)  solvus  curves  and  varia- 
tions of  their  cell  edges  with  composition 
were  given  in  last  year's  report  (pp.  142- 
145).  This  type  of  "dry"  sulfide  experi- 
ment has  been  continued  down  to  200  °C. 
Three  months  of  heating  a  monosulfide 
solid  solution  ([Fe,Ni]i-aS)  with  excess 
sulfur  was  sufficient  to  produce  some  py- 
rite and  vaesite,  but  still  no  bravoite 
([Fe,Ni]S2)  appeared.  (It  may  be  noted 
that  the  vaesite  solid  solution  is  — ^4  per 
cent  less  rich  in  FeS2  at  400 °C  than  was 
indicated  in  last  year's  report,  fig.  38.) 

THE  Fe-As-S  SYSTEM 

Variations  of  Arsenopyrite  Composition  as 
Functions  of  T  and  P 

L.  A.  Clar\ 

Knowledge  of  the  physical  conditions 
that  prevail  during  emplacement  of  me- 
tallic mineral  deposits  is  essential  in  order 
to  gain  an  understanding  of  their  modes 
of  transportation  and  localization.  Prog- 
ress in  recent  years  permits  fairly  accurate 
estimation  of  deposition  temperatures,  at 
least  in  some  instances,  but  our  knowledge 
of  confining  pressures  is  based  on  guesses 
of  depth  of  burial.  Experimental  investi- 
gations involving  arsenopyrite  support  the 
hope  that  characteristics  of  this  mineral 
may  be  used  to  define  confining  pressures 
of  deposition.  Arsenopyrite  is  fairly  com- 
mon in  ore  deposits,  and  was,  therefore,  a 
focal  point  in  the  investigation  of  the  syn- 
thetic system  Fe-As-S  (Clark,  1960).  It 
was  suggested  that  the  solvus  curves 
bounding  the  arsenopyrite  field  of  solid 
solution  might  be  developed  for  use  in 
ore  geothermometry.  Study  of  arsenopy- 
rite was  extended  to  determine  the  effects 
on  the  arsenopyrite  solvus  curves  of  (a) 
confining  pressure  and  (b)  the  addition  of 
the  more  common  minor  elements  found 
in  natural  arsenopyrites.  In  the  first  part 
of  this  investigation,  which  is  reported 
here,    confining    pressure    was    found    to 


cause  unusually  large  shifts  in  the  solvus 
curves.  This  seriously  limited  the  use  of 
arsenopyrite  for  geothermometry  but  led 
to  the  interesting  possibility  of  estimating 
geological  confining  pressures  of  arseno- 
pyrite deposition  where  the  deposition 
temperature  could  be  approximated  by  an 
independent  means. 

Clark  (1960)  showed  that  at  any  given 
temperature  arsenopyrite  has  a  very  lim- 
ited field  of  solid  solution  in  the  Fe-As-S 
system,  but  the  field  slopes  in  T-X  projec- 
tion along  the  FeS2-FeAs2  pseudobinary 
join  and  is  arsenic  rich  at  high  temperatures. 

Figure  57  shows  the  locations  of  the 
solvus  curves  which  bound  the  arsenopy- 
rite field  of  stability  at  2000  bars  and  <1 
bar.  The  position  of  the  stability  field  was 
also  determined  at  1000  bars  (not  shown) . 
In  figure  57,  temperature  is  plotted  versus 
the  131  interplanar  spacing  in  arsenopyrite. 
This  is  essentially  a  T-X  plot,  since  the  131 
spacing  varies  as  a  function  of  the  arsenic 
content  or  sulfur/arsenic  ratio  in  arseno- 
pyrite. The  phase  relations  are  shown  as 
projected  from  P-T-X  space  onto  a  portion 
of  the  FeS2-FeAs2  pseudobinary  T-X  sec- 
tion. 

The  pressure  experiments  were  per- 
formed by  heating  samples  in  sealed  gold 
capsules.  For  determinations  on  the  sulfur- 
rich  solvus  surface,  arsenopyrites  were  syn- 
thesized from  bulk  compositions  in  the 
arsenopyrite-pyrrhotite-liquid  region  with 
Fe2As  and  an  arsenic-sulfur  glass  (50:50 
by  weight)  as  the  starting  materials.  For 
syntheses  of  the  arsenic-rich  arsenopyrites, 
FeAs  was  combined  with  the  same  arsenic- 
sulfur  glass  to  yield  bulk  compositions  in 
the  arsenopyrite-loellingite-arsenic  region. 
The  runs  lasted  from  1  to  30  days,  depend- 
ing on  the  temperature.  At  450°  and 
400  °C  reactions  were  far  from  complete 
after  30  and  60  days,  respectively.  Diffu- 
sion of  arsenic  and  sulfur  through  the 
walls  of  the  gold  capsules  resulted  in  losses 
which  varied  as  functions  of  temperature 
and  time.  Although  some  losses  could  be 
tolerated,  runs  were  discarded  when  their 
losses  exceeded  1  or  2  per  cent. 
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All  the  X-ray  spacing  measurements 
were  standardized  against  the  311  reflec- 
tion o£  CaF2  with  its  d  value  taken  as 
1.64676  A  (Swanson  and  Tatge,  1953). 
The  measurements,  all  performed  at  room 
temperature  on  quenched  materials,  were 
precise  to  ±0.0002  A. 


phases  in  the  Fe-As-S  system  as  starting 
materials.  Repeat  syntheses  were  per- 
formed for  many  of  the  pressure  runs. 
The  data  along  the  sulfur-rich  curves  at 
1000  and  2000  bars  were  closely  repro- 
ducible; the  points  along  the  arsenic-rich 
curves  varied  from  perfect  coincidence  to 
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Fig.  57.  The  field  of  stability  of  arsenopyrite  is  shown  at  confining  pressures  of  2000  bars  and 
<  1  bar.  The  section  at  1000  bars,  which  occupies  an  intermediate  position,  is  omitted  for  clarity. 
This  is  essentially  a  T-X  plot,  since  the  arsenopyrite  131  spacing  varies  as  a  function  of  the  sulfur/ 
arsenic  ratio.  The  phase  relations  are  shown  as  projected  from  P-T-X  space  onto  a  portion  of  the 
FeS2-FeAs2  pseudobinary  T-X  section,  where  FeS2  would  lie  to  the  left  and  FeAs2  to  the  right  of 
the  portion  shown.  The  pyrrhotite  composition  lies  behind  the  plane  of  the  section;  the  arsenic- 
sulfur  liquid  lies  in  front.  Abbreviations:  asp,  arsenopyrite;  po,  pyrrhotite;  py,  pyrite;  lo,  loellingite; 
and  L,  liquid. 


As  shown  in  the  earlier  investigation 
(Clark,  1960),  arsenopyrite  does  not,  when 
heated  for  several  weeks,  approach  an  equi- 
librium composition  if  arsenopyrite  of  an- 
other composition  is  used  as  one  of  the 
starting  materials.  It  is  believed  that  ar- 
senopyrite grows  with  an  equilibrium  com- 
position for  a  given  pressure  and  tempera- 
ture when  it  is  synthesized  using  other 


differences  as  great  as  0.0010  A  in  di3i.  In 
a  couple  of  instances  where  there  was  no 
apparent  reason  to  discard  either  value,  the 
mean  was  employed. 

In  appraisal  of  figure  57,  it  appears  that 
the  steepness  of  the  solvus  curves  and  the 
effects  of  confining  pressure  are  severe 
limitations  on  the  usefulness  of  arsenopy- 
rite as  a  geothermometer.   However,  the 
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unusually  large  response  of  its  composi- 
tion to  increased  confining  pressure  sug- 
gests its  use  as  a  "geobarometer"  in  situa- 
tions where  the  formation  temperature  may 
be  approximated  by  an  independent  means. 
To  facilitate  this  application,  the  data  for 
the  sulfur-rich  P-T-X  surface,  which  are 
shown  projected  on  the  T-X  plane  in  fig- 
ure 57,  are  redrawn  on  a  P-T  plot  in  fig- 
ure 58.  The  points  at  2000  bars  and  <1  bar 
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Fig.  58.  Lines  of  constant  131  spacing  (or 
constant  composition)  are  projected  from  the 
sulfur-rich  P-T-X  surface  of  the  arsenopyrite  sta- 
bility field  and  are  plotted  as  contours  in  this 
P-T  projection.  The  upper  stability  curve  of 
the  pyrite-arsenopyrite  assemblage,  shown  in  last 
year's  report  (Year  Book  58,  fig.  41),  is  included. 
On  the  low-temperature  side  of  this  curve  the 
contour  positions  are  only  approximate  because 
pressure  data  were  not  obtained  below  500 °C. 

were  picked  from  the  smooth  curves  in 
figure  57,  rather  than  using  the  raw  data. 
The  data  at  1000  bars  were  taken  from  a 
similar  T-X  plot,  not  shown  here.  The 
contours  represent  constant  arsenopyrite 
131  spacings  and  may  be  thought  of  as 
lines  of  constant  composition. 

Although  not  a  highly  precise  tech- 
nique for  determining  deposition  confin- 
ing  pressures    of   arsenopyrite,    measure- 


ments can  be  made  to  a  few  hundred  bars. 
In  making  an  application  one  must  (a) 
estimate  the  formation  temperature  (per- 
haps using  the  sphalerite  geothermometer, 
Kullerud,  1953),  (b)  measure  the  arseno- 
pyrite 131  interplanar  spacing,  and  (c) 
judge,  on  the  basis  of  the  mineral  assem- 
blage, that  the  arsenopyrite  was  deposited 
at  its  sulfur-rich  limit  for  the  prevailing  P 
and  T  conditions,  i.e.  association  with  sul- 
fide rather  than  arsenide  minerals.  If  the 
arsenopyrite  was  not  deposited  at  its  sulfur- 
rich  limit,  the  apparent  (determined)  pres- 
sure would  be  lower  than  the  true  value. 

A  couple  of  examples  may  clarify  this 
application  of  the  data.  A  specimen  from 
the  Giant  Yellowknife  Mine,  Northwest 
Territories,  was  obtained  through  the 
courtesy  of  Dr.  L.  C.  Coleman,  Ohio  State 
University.  The  principal  sulfide  constitu- 
ents were  arsenopyrite,  pyrite,  and  sphaler- 
ite, with  the  pyrite  apparently  postdating 
the  arsenopyrite  and  the  other  age  rela- 
tions uncertain.  Coleman  (1957)  gave  a 
sphalerite  temperature  for  this  specimen  of 
510 °C  (approximately  560 °C  if  deposited 
under  2000  bars  confining  pressure  using 
the  pressure  correction  for  sphalerite  tem- 
peratures given  by  Kullerud,  Padget,  and 
Vokes,  1955).  And  from  the  investigation 
of  the  Fe-As-S  system  it  is  evident  that 
the  temperature  was  not  much  above 
490  °C  when  the  pyrite  was  deposited,  as- 
suming that  the  arsenopyrite  was  already 
present.  This  arsenopyrite  had  a  131  in- 
terplanar spacing  of  1.6317  ±0.0003  A.  As- 
suming that  its  formation  temperature  was 
of  the  order  of  550  °C,  the  confining  pres- 
sure at  the  time  of  deposition  was  in  excess 
of  2000  bars,  perhaps  2500  bars. 

Material  from  the  Parrex  prospect,  Han- 
son Lake,  Saskatchewan,  described  by  By- 
ers  (1957),  was  obtained  through  the  kind- 
ness of  Dr.  A.  R.  Byers,  University  of 
Saskatchewan.  The  specimen  selected  for 
detailed  investigation  contained  the  fol- 
lowing sulfide  minerals:  arsenopyrite, 
sphalerite,  galena,  and  chalcopyrite  with 
lesser  amounts  of  pyrite,  pyrrhotite,  bour- 
nonite,  marcasite,  and  possibly  tetrahedrite. 
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The  marcasite  was  relatively  very  late,  cut- 
ting all  the  other  minerals.  Deposition  of 
the  arsenopyrite  apparently  predated  most 
of  the  other  minerals,  including  pyrite; 
however,  no  age  relative  to  sphalerite  could 
be  determined.  As  the  pyrite  and  arseno- 
pyrite are  in  intimate  contact  the  tempera- 
ture was  below  ^490°C  when  the  pyrite 
was  deposited.  The  sphalerite  was  me- 
chanically separated,  and  the  few  per  cent 
of  locked  impurities  were  determined  by  a 
point-count  analysis.  A  colorimetric  chlo- 
ride determination  for  iron  in  the  sphaler- 
ite indicated  an  FeS  content  (corrected  for 
impurities)  of  14.5  weight  per  cent.  This 
corresponds  to  a  formation  temperature  of 
495°C  using  Kullerud's  (1953)  ZnS-FeS 
solvus  curve,  or  ^520°C  if  corrected  to 
1000  bars  confining  pressure.  The  arseno- 
pyrite has  a  131  interplanar  spacing  of 
1.6330  ±0.0003  A,  and,  if  the  arsenopyrite 
deposition  temperature  is  assumed  to  have 
been  530°±40°C,  figure  58  gives  the  con- 
fining pressure  at  the  time  of  deposition 
as  '—'1100  bars.  The  limits  of  error  chosen 
for  the  formation  temperature  and  131 
spacing  imply  pressure  limits  of  about  400 
bars. 

Symmetry  and  Twinning  of  Arsenopyrite 
N.  Morimoto 

Studies  of  natural  as  well  as  synthetic 
arsenopyrite  crystals  have  uncovered  two 
kinds  of  twinning.  The  Buerger  type  of 
twinning  is  based  on  a  triclinic  pseudo- 
orthorhombic  symmetry;  it  is  commonly 
observed  in  arsenic-rich  arsenopyrites  and 
rarely  in  the  sulfur-rich  ones.  The  fine 
twinning  is  due  to  a  triclinic  pseudomono- 
clinic  symmetry;  it  has  so  far  been  ob- 
served only  in  sulfur-rich  arsenopyrites. 

Single-crystal  studies  of  natural  arseno- 
pyrite from  Freiberg  and  synthetic  arseno- 
pyrite had  shown  some  definite  differences 
in  their  symmetry  and  lattice  dimensions. 
To  investigate  these  differences  and  to  ob- 
tain systematic  correlations  among  their 
properties,  more  specimens  of  natural  ar- 


senopyrite of  known  chemical  composition 
were  studied  by  the  Buerger  precession 
method.  These  specimens  were  from  (1) 
Llallagua,  Bolivia,  obtained  from  the 
Smithsonian      Institution,      Washington, 

D.  C,  Specimen  no.  R-8069;  (2)  New 
Consols  Mine,  Cornwall,  obtained  from 
British  Museum  of  Natural  History,  Lon- 
don, Specimen  no.  BM  1958-403;  (3)  Boli- 
den    Mine,  Sweden,   obtained  from   Mr. 

E.  Grip,  Bolidens  Gruvaktiebolag,  Boli- 
den,  Sweden.  In  the  five  specimens 
studied,  the  amount  of  arsenic  decreases 
in  the  following  order:  synthetic,  New 
Consols,  Bolivia,  Freiberg,  and  Boliden. 

The  compositional  variation  in  this  se- 
ries of  arsenopyrite  specimens  readily  ex- 
plains the  following  crystallographic  ob- 
servations : 

The  difficulty  of  finding  crystals  free 
from  twinning  on  (10T)m  increases  with 
the  arsenic  content.  Crystals  free  from  this 
type  of  twinning  were  easily  obtained  from 
the  Boliden  and  Freiberg  specimens,  but 
this  twinning  on  (101)  was  always  ob- 
served for  the  Bolivia,  New  Consols,  and 
synthetic  specimens,  and  gave  apparent 
orthorhombic  symmetry.  It  was  not  usually 
possible  to  observe  this  twinning  with  the 
reflecting  microscope. 

The  intensities  of  the  hOl  reflections  with 
/  odd  increase  with  decreasing  arsenic  con- 
tent. These  reflections  are  not  observed  in 
the  synthetic  materials  and  are  definitely 
observed  in  the  Freiberg  specimens.  The 
presence  of  these  reflections  indicates  tri- 
clinic symmetry  on  the  basis  of  Buerger's 
crystal  structure  of  arsenopyrite  (Buerger, 
1936,  1939).  Therefore  the  structure  of 
arsenopyrite  changes  space  group  from  Pi 
(d)  to  P2i/c  (C2715)  as  the  amount  of 
arsenic  increases. 

The  lattice  constants,  especially  b  and  3, 
increase  because  of  the  increase  of  arsenic 
content.  As  arsenic  content  increases,  the  a 
and  c  axes  superpose  each  other  by  twin- 
ning and  seem  to  have  the  same  translation 
lengths. 
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AN  X-RAY  METHOD  FOR  RAPID  DETER- 
MINATION OF  SULFUR  AND  COBALT 
IN  LOELLINGITE 

L.  A.  Clar\ 

One  of  the  common  constituents  in 
arsenide-type  ores  is  a  loellingite-safflorite 
(Fe,Co)As2  solid  solution  which  often 
contains  1  or  2  per  cent  sulfur.  In  other  oc- 
currences, such  as  in  pegmatites,  the  loel- 
lingite  may  be  the  pure  iron  end  member, 


tain  a  complete  mechanical  separation  of 
loellingite  from  arsenopyrite  and/or  some 
other  arsenide  minerals,  its  composition 
cannot  be  reliably  obtained  by  chemical 
analysis  unless  the  particular  loellingite  is 
not  associated  with  these  related  minerals. 
The  X-ray  diffraction  method  presented 
here,  though  not  highly  precise,  will  give 
the  sulfur  and  cobalt  contents  of  loel- 
lingite within  ±0.2  and  ±0.5  weight  per 
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Fig.  59.    Variations  of  four  interplanar  spacings  in  loellingite  (FeAs2)  as  a  function  of  sulfur 
substitution  for  arsenic. 


or  more  often  it  contains  some  sulfur  with 
very  little  cobalt.  The  sulfur-rich  loel- 
lingite solvus  curve  (i.e.,  in  the  loellingite- 
arsenopyrite  join  of  the  Fe-As-S  system) 
is  being  investigated  as  a  possible  geo- 
thermometer  for  use  where  the  cobalt  con- 
tent is  low.  (Determination  of  the  solvus 
is  hampered  by  very  slow  approach  to 
equilibrium.)  In  any  event,  this  applica- 
tion would  require  determination  of  the 
sulfur  content  in  loellingite  and  demon- 
stration that  the  cobalt  content  was  low. 
As  it  is  difficult,  if  not  impossible,  to  ob- 


cent  respectively.  This  is  a  nondestructive 
process  which  can  be  performed  rapidly 
without  special  pains  for  purification. 

Nickel  substitution  for  iron  in  loellingite 
has  a  slightly  more  pronounced  effect  than 
cobalt  on  the  interplanar  spacings  (Rose- 
boom,  1958) .  According  to  Holmes  (1947), 
however,  the  nickel  content  of  natural  ma- 
terials is  usually  much  less  than  the  cobalt 
content. 

Nine  loellingites  were  prepared  in  which 
0  to  3.1  weight  per  cent  sulfur  was  sub- 
stituted for  arsenic  in  the  structure.   The 


132        CARNEGIE  INSTITUTION  OF  WASHINGTON 


Weight  percent  cobalt  in  loellingite  —  safflorite  series 
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Fig.  60.  Loellingite  interplanar  spacings  vary  as  functions  of  both  sulfur  and  cobalt  content. 
These  are  related  here  so  that  measurements  of  either  the  210  and  111  or  the  120  and  101  reflec- 
tions give  the  sulfur  and  cobalt  contents  of  a  loellingite  specimen.  The  d  values  are  in  angstrom 
units. 
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resultant  shifts  in  X-ray  spacings  of  four 
reflections  (120,  101,  210,  and  111)  are 
illustrated  in  figure  59.  These  curves  will 
give  the  sulfur  content  of  an  otherwise 
pure  loellingite  when  the  X-ray  powder 
diffraction  measurements  are  performed 
with  a  quartz  internal  standard. 

Similar  curves  were  prepared  for  seven 
loellingite-safflorite  compositions  in  the 
range  0  to  13.5  weight  per  cent  cobalt. 
These  measurements  had  been  performed 
previously  by  Roseboom  (1958)  and  were 
repeated  merely  to  maintain  internal  con- 
sistency in  this  investigation. 

Upon  addition  of  either  sulfur  or  cobalt 
to  the  loellingite  structure  the  two  pairs  of 
X-ray  reflections  tend  to  converge,  but  at 
different  rates.  Measurements  of  synthetic 
loellingites  containing  known  amounts  of 
both  sulfur  and  cobalt  seemed  to  indicate 
linear  relations  of  the  interplanar  spacings. 
Here  the  three  variables  are  sulfur  content, 
cobalt  content,  and  d  value.  Alternative  to 
using  a  three-dimensional  model  we  may 
plot  the  two  independent  variables,  sulfur 
content  and  cobalt  content,  in  two  dimen- 
sions and  project  the  dependent  variable, 
d,  onto  this  plane,  with  variations  in  d 
shown  as  contours.  Figure  60  was  drawn 
in  this  manner,  employing  the  data  from 
figure  59  for  the  sulfur  variable  and  the 
previously  mentioned  data  for  the  cobalt 
variable.  Using  the  four  reflections,  two 
separate  values  can  be  obtained  for  both 
the  sulfur  and  the  cobalt  contents.  The  de- 
termination using  the  210  and  111  reflec- 
tions is  slightly  more  reliable,  but  if  arseno- 
pyrite  is  present  in  the  sample  it  may  not 
be  possible  to  measure  the  210  reflection 
since  it  nearly  coincides  with  one  of  the 
strongest  arsenopyrite  reflections.  Deter- 
minations involving  the  120  reflection  are 
a  little  less  reliable  because  it  is  a  seldom- 
resolved  doublet  having  a  weak  contribu- 
tion from  the  011  reflection. 

Eight  synthetic  loellingites  were  pre- 
pared, each  containing  known  contents  of 
both  sulfur  and  cobalt.  The  differences 
between  the  known  compositions  and 
those  determined  with  the  aid  of  figure  60 


were  of  random  size  and  sign.  Therefore, 
the  straight-line  contours  used  in  figure  60 
were  justified,  and  the  errors  were  well 
within  the  stated  limits  of  ±0.2  and  ±0.5 
weight  per  cent  for  sulfur  and  cobalt,  re- 
spectively. 

A  natural  loellingite  from  Drag,  Nor- 
way, was  obtained  through  the  courtesy 
of  Dr.  H.  Neumann,  Mineralogisk-Geolo- 
gisk  Museum,  Oslo,  Norway.  Its  sulfur 
and  cobalt  contents  were  given  as  2.77  and 
1.29  weight  per  cent,  respectively,  by  Neu- 
mann, Heier,  and  Hartley  (1955).  Using 
the  present  X-ray  method,  the  sulfur  and 
cobalt  contents  were  estimated  as  2.55  and 
0.9  weight  per  cent. 

CONDITIONS   OF   METAMORPHISM   OF 

THE   BODENMAIS  SULFIDE  DEPOSIT 

AND  ITS  COUNTRY  ROCK 

W.  Schreyer  and  G.  Kullerud 

An  increasing  number  of  geological 
thermometers  based  on  laboratory  studies 
are  gradually  becoming  available.  They 
are  based  both  on  sulfide  and  on  silicate 
systems.  This  laboratory  is  interested  in 
noting  applications  of  these  tools  to  natural 
occurrences,  particularly  where  several  dif- 
ferent thermometers  coexist  in  a  single  lo- 
cality. An  interesting  example  of  this  type 
has  been  studied  this  past  year. 

The  pyrrhotite-magnetite-pyrite-sphal- 
erite  deposit  of  the  Silberberg  near  Boden- 
mais  in  the  Bavarian  Forest,  Germany, 
forms  a  fish-shaped  lens  parallel  to  the 
strike  of  the  schistosity  of  its  country  rock, 
which  is  a  migmatic  cordierite-silliman- 
ite-garnet-biotite  gneiss  with  concordant 
veinlets  and  pegmatitic  masses  of  quartz, 
microcline,  and  plagioclase.  Geologic  and 
petrographic  interpretations  (Hegemann 
and  Maucher,  1933;  Schrocke,  1955)  gen- 
erally agree  that  the  deposit  has  been  meta- 
morphosed subsequent  to  the  ore  concen- 
tration. According  to  Schrocke  (1955)  this 
metamorphism  was  contemporaneous  with 
the  regional  metamorphism  that  created 
the  migmatic  country  rock.  Although  the 
genesis  of  migmatic  rocks  in  general  is 
still  a  matter  of  debate,  it  seems  justified 
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to  assume  that  the  leucocratic  portions  of 
the  Bodenmais  gneisses  have  at  least  at  one 
time  during  their  metamorphic  history 
been  in  a  liquid  state. 

The  simultaneous  metamorphism  of  the 
silicate  country  rock  and  the  sulfide  ore 
provides  an  opportunity  to  estimate  its 
conditions  by  means  of  sulfide  thermome- 
try as  well  as  of  known  stability  relations 
of  the  silicates.    The  following  minerals 


rence  of  high-quartz  dihexahedra,  which 
are  intergrown  with  the  ore.  Schrocke 
(1955)  describes  low-quartz  prisms  as  well. 
The  curve  for  the  high-low  inversion  of 
pure  quartz  as  determined  by  Yoder 
(1950£)  parallels  the  sphalerite  curve  at 
slightly  higher  temperatures  (fig.  61).  The 
presence  of  foreign  ions  in  the  quartz  struc- 
ture has  been  shown  to  lower  the  inversion 
temperature    (Keith    and    Tuttle,    1952). 
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Fig.  61.  P-T  diagram  showing  stability  relations  of  some  minerals  and  mineral  assemblages 
from  Bodenmais,  Germany.  For  the  curve  labeled  "Lower  stability  limit  of  Mg-cordierite"  the 
water  pressure  is  equal  to  the  total  pressure.  Its  break  around  5000  bars,  525°C,  is  caused  by  a 
change  in  the  breakdown  assemblage.    For  references  see  text. 


and  mineral  assemblages  have  been  con- 
sidered :  sphalerite-pyrrhotite  assemblage, 
pyrrhotite-pyrite  assemblage,  cordierite, 
high-quartz,  leucocratic  veins. 

The  available  data  are  compiled  graph- 
ically in  figure  61.  X-ray  measurements 
and  chemical  analysis  of  the  sphalerite 
(Fe  9.00,  Mn  0.35,  and  Cd  0.33  weight  per 
cent)  indicate  a  temperature  of  525  °C 
without  the  pressure  correction.  This  value 
is  raised  by  25  °C  for  every  1000  bars  of 
pressure  increase,  and  the  relationship  is 
represented  by  a  straight  line  in  figure  61. 
Weinschenk  (1901)  mentioned  the  occur- 


Thus  the  sphalerite  curve  may  indeed  lie 
within  a  high-quartz  field.  Both  curves 
fall  well  within  the  stability  field  of  hy- 
drous Mg-cordierite  (Schreyer  and  Yoder, 
Year  Book  58,  pp.  100-104),  which  explains 
the  ubiquity  of  Mg-rich  cordierite 
(Schrocke,  1955)  in  the  aluminous  country 
rock.  Under  the  assumption  that  the  leuco- 
cratic veinlets  had  gone  through  a  liquid 
state,  the  temperature  of  the  metamor- 
phism must  have  attained  a  value  high 
enough  for  the  beginning  of  melting  of 
granitic  compositions.  In  the  presence  of 
water  which  is  attested  by  the  occurrence 
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of  biotite  in  the  rock  Tuttle  and  Bowen's 
(1958)  curve  reproduced  in  figure  61  ap- 
plies. It  intersects  the  sphalerite  curve  at 
about  650 °C  and  about  5000  bars. 

The  amount  of  water  present  determines 
the  amount  of  liquid  forming  but  does  not 
change  the  temperature  at  which  the  first 
liquid  develops.  On  the  other  hand,  it  is 
likely  that  the  leucocratic  veinlets  formed 
by  partial  melting  of  the  total  bulk  com- 
position of  the  country  rock,  which  is  more 
basic  and  more  aluminous  than  a  normal 
granite.  The  beginning  of  melting  of  this 
rock  in  the  presence  of  water,  therefore, 
might  take  place  at  slightly  higher  tem- 
peratures than  for  pure  granite.  Thus  the 
above  values  can  only  be  considered  as  the 
minimum  temperature  and  pressure  of  the 
metamorphism.  They  would  indicate  a 
depth  of  metamorphism  of  about  19  kil- 
ometers and,  assuming  a  linear  geo- 
thermal  gradient,  a  temperature  increase  of 
35 °C  per  kilometer.  This  value  is  in  good 
agreement  with  actual  measurements  of 
thermal  gradients  at  shallow  depths  (<1 
km),  but  is  fairly  high  with  regard  to 
Birch's  (1955)  estimates  of  temperatures 
within  the  crust. 

The  usage  of  the  pyrrhotite-pyrite  geo- 
thermometer  yielded  an  uncorrected  tem- 
perature of  only  320  °C,  which  is  incon- 
sistent with  the  results  reported  previously. 
Microscopic  examination  of  polished  sec- 
tions of  the  ore,  however,  suggests  that  the 
pyrite  formed  at  a  later  stage  mostly 
through  conversion  of  pyrrhotite  to  pyrite 
and  partly  by  unmixing  from  pyrrhotite 
itself.  It  is  uncertain  whether  the  occur- 
rence of  pyrite  is  related  to  a  particular 
event  in  the  later  history  of  the  deposit  or 
whether  it  is  only  a  delayed  equilibration 
of  the  ore  to  gradually  decreasing  P-T 
conditions.  The  most  obvious  retrograde 
effect  in  the  silicate  country  rock  is  repre- 
sented by  partial  alteration  of  cordierite 
into  pinite  (  =  muscovite  +  chlorite) .  As 
the  P-T  curve  for  the  pyrrhotite-pyrite  as- 
semblage is  below  the  lower  stability  limit 
of  Mg-cordierite,  it  seems  possible  that 
both  effects  are  related  to  the  same  event. 


The  pyrrhotite-pyrite  data  also  indicate 
that  this  thermometer  is  much  more  sensi- 
tive to  postmetamorphic  changes  of  the 
P-T  conditions  than  the  sphalerite  ther- 
mometer. 

In  conclusion  it  can  be  stated  that  the 
sulfide  thermometry  of  the  Bodenmais  ore 
yields  results  that  are  in  good  agreement 
with  the  stability  range  of  certain  silicate 
assemblages  present  in  the  ore  as  well  as 
in  its  country  rock. 

EQUILIBRIUM    BETWEEN    PYRITE,    PYR- 
RHOTITE,  MAGNETITE,   AND  AQUE- 
OUS SOLUTIONS 

H.  L.  Barnes  and  G.   Kullerud 

Most  experimental  studies  of  sulfide  sys- 
tems are  conducted  without  water  as  a 
component.  On  the  other  hand,  water 
must  certainly  be  an  important  part  of  ore- 
bearing  agents.  A  theoretical  basis  for  re- 
lating dry  and  aqueous  sulfide  systems  is 
provided  by  considering  the  thermody- 
namics involved.  Knowledge  of  the  phase 
relations  in  the  Fe-S-O  system  has  now 
made  it  possible  to  make  calculations  that 
place  relatively  close  limitations  on  the 
composition  of  ore-bearing  fluids. 

When  the  minerals  pyrite,  pyrrhotite, 
and  magnetite  coexist  at  equilibrium,  the 
partial  pressures  of  oxygen  (Po2)  and  of 
sulfur  (Pso)  are  fixed  by  the  reactions 

(l+2*)Fei-*S  (s)  + 

4S2  (£)->(l  +  *)FeS2  (s) 
and 

3FeS2  (s)+202  (^)-»Fe304  +  3S2  (g) 

These  partial  pressures  are  independent  of 
the  presence  of  water;  therefore,  measure- 
ments or  calculations  of  vapor  pressures  in 
the  anhydous  system  are  applicable  to  sys- 
tems containing  aqueous  solutions  in  equi- 
librium with  this  assemblage.  Definite  re- 
quirements are  imposed  on  the  composi- 
tion of  aqueous  solutions  by  equilibration 
with  these  partial  pressures.  A  preliminary 
discussion  of  these  requirements  (Barnes, 
Year  Book  57)  has  now  been  extended  to 
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cover  both  metastable   and  stable  condi- 
tions. 

At  constant  temperature,  an  aqueous 
solution  in  equilibrium  with  the  three  min- 
erals has  a  fixed  Ps2  and  a  fixed  Po2  (&g> 
62) .  However,  the  equilibrium  Ps2  in  the 
solution  is  a  function  of  both  the  acidity 
(/7H)    and  the  total  activity  of  aqueous 


In  the  Wellington  Mine,  Breckenridge 
Area,  Colorado,  Kullerud  (1959)  made  use 
of  the  sphalerite  geothermometer  to  deter- 
mine temperature  gradients  during  deposi- 
tion of  the  ore.  Calculations  of  heat  flow 
(S.  P.  Clark,  Year  Book  58)  based  on  these 
data  indicate  that  the  ore-transporting  solu- 
tion contained  between  0.1  and  10  per  cent 


PH 

Fig.  62.  Thermodynamic  relations  between  minerals  in  the  system  Fe-S-O  and  aqueous  solu- 
tions at  25°C,  (ZS)  =0.001  molal.  Boundaries  between  areas  of  predominance  of  the  aqueous 
species  (H2S,  HS~,  S%  HS04~,  and  S04=)  are  shown  by  the  heaviest  lines.  Uncertainties  in  the 
lines  for  the  coexistence  of  mineral  pairs  are  shown  stippled.  Dashed  lines  represent  contours  of 
Pg   in  atmospheres. 


sulfur  containing  species  (XS).  At  fixed 
Po2?  Pa2>  and  temperature,  pW  and  (XS) 
are  mutually  related  dependent  variables. 
Their  quantitative  relationship  is  shown  by 
figure  63,  where  the  uncertainty  at  each 
temperature  is  ±1  pH  unit  (see  also  fig. 
62) .  The  pH  can  be  approximated  by  con- 
siderations of  the  possible  range  of  values 
for  (XS)  at  the  time  of  deposition  of  the 
assemblage. 


metallic  sulfides.  A  large  value  of  (£S) 
is  required  in  any  solution  capable  of  com- 
plexing  sulfides  to  provide  these  large 
solubilities  (see  ZnS  solubilities  below). 
Assuming  that  the  solution  forming  the 
Breckenridge  is  typical,  a  value  of  (XS) 
above  0.1  molal  (log  (XS)  =  —  1)  might 
be  anticipated.  However,  the  pH  required 
for  a  solution  in  equilibrium  with  pyrite, 
pyrrhotite,  and  magnetite  is  surprisingly 
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insensitive  to  variations  in  (£S)  (fig.  63), 
and  the  assumed  value  is  not  critical.  Ap- 
parently, the  /?H  required  at  equilibrium 
is  well  above  neutrality  at  these  tempera- 
tures for  all  except  exceedingly  dilute  solu- 
tions. 
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Fig.  63.  Relation  between  pH  and  (ZS)  of 
an  aqueous  solution  in  contact  with  the  minerals 
pyrite,  pyrrhotite,  and  magnetite.  Equilibrium 
conditions  are  shown  by  the  solid  curves;  meta- 
stable  conditions,  by  the  long  dashes.  Short 
dashes  indicate  boundaries  between  regions  of 
predominance  of  the  various  aqueous  species. 

Metastable  conditions,  as  shown  on  fig- 
ure 63,  occur  when  equilibrium  does  not 
exist  between  Ps2  and  Po2  during  the 
deposition  of  the  pyrite-pyrrhotite-mag- 
netite  assemblage.  During  deposition, 
large  departures  from  equilibrium  in  aque- 
ous sulfide  experiments  have  been  found 
to  be  infrequent,  particularly  at  100  °C  or 
above;  in  contrast,  reactions  between  solu- 
tions and  solids  after  deposition  are  often 


extremely  slow.  Therefore,  natural  condi- 
tions during  deposition  would  be  expected 
to  lie  near  the  equilibrium  curves  of  figure 
63,  especially  at  the  higher  temperatures. 

Where  there  is  evidence  of  contempora- 
neous formation,  occurrence  of  the  assem- 
blage pyrite-pyrrhotite-magnetite  postu- 
lates an  alkaline  aqueous  environment 
during  deposition,  at  least  to  250  °C. 

ORE  SOLUTIONS 
H.  L.  Barnes 

The  association  of  various  minerals  with 
sphalerite  in  ore  deposits  has  been  used  in 
three  thermodynamic  considerations  to  de- 
termine some  restrictions  on  the  chemical 
environment  under  which  sphalerite  is 
usually  deposited  in  nature. 

1.  Native  sulfur  is  not  often  found  in 
hydrothermal  deposits.  To  avoid  precipi- 
tation, at  each  total  activity  of  sulfur  in 
the  solution,  the  pH  of  a  rising  ore  solu- 
tion must  be  greater  than  the  maximum 
pH  found  in  the  sulfur  field  (fig.  64). 

2.  The  common  occurrence  of  sphalerite 
with  barite  (BaSCX)  indicates  that  the  ac- 
tivity product,  (Ab&++)  X  (y4so4=),  was 
equaled  in  the  ore  solution  during  ore 
deposition.  Prior  to  deposition,  the  prod- 
uct was  less  than  the  thermodynamically 
calculated  activity  product,  or  precipitation 
of  barite  would  have  taken  place.  There- 
fore, a  maximum  value  of  Aso4=  can  be  cal- 
culated in  the  solution  prior  to  deposition, 
for  any  assumed  value  of  Abz++.  Because 
y4so4=  changes  rapidly  with  the  partial  pres- 
sure of  oxygen  (Po2)  where  sulfide  ions 
are  the  predominant  aqueous  species,  the 
maximum  Po2  at  each  pH.  during  transport 
can  be  calculated  and  is  relatively  insensi- 
tive to  the  assumed  value  of  ^Ba++  (0.001 
molal  in  fig.  64). 

3.  The  frequency  of  occurrence  of 
sphalerite  with  pyrrhotite,  pyrite,  digenite, 
covellite,  and  other  sulfides  indicates  that 
the  partial  pressure  of  sulfur  (Ps2)  often 
lies  between  that  in  equilibrium  with 
pyrite-pyrrhotite  and  with  covellite-dige- 
nite.   These  limits,  though  not  excluding 
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the  possibility  of  sphalerite's  being  de- 
posited under  other  conditions,  indicate 
that  conditions  just  before  deposition  of 
sphalerite  are  more  frequently  as  shown 
graphically  in  figure  64.  Furthermore, 
within  the  stippled  region,  sphalerite  must 
be  sufficiently  soluble  for  transport  assum- 
ing that  the  mineral  associations  represent 
equilibrium  conditions  during  contempo- 


weakly  acid  to  neutral  or  slightly  alkaline 
without  an  excess  while  maintaining  satu- 
ration in  H2S.  The  solubility  of  H2S  in 
the  aqueous  phase  was  found  to  increase 
in  direct  proportion  to  the  NaOH  content 
at  constant  P  and  T. 

Although  the  acidity  of  the  solutions 
could  not  be  measured  directly  at  the  pres- 
sures and   temperatures  used  in  this  in- 


PH 

Fig.  64.    The  partial  pressure  of  oxygen  (P0  )  and  pH  required  by  common  mineral  associations 

during  the  formation  of  sphalerite  deposits  at  250°C  (stippled  area).  The  total  activity  of  aqueous 
ions  and  molecules  in  the  solution  has  been  assumed  as  0.1  molal.  The  fields  of  predominance  of 
aqueous  species  (H2S,  HS",  S=,  H2S04=,  and  S04=)  are  bounded  by  heavy  lines.   Contours  of  PS2 

are  in  atmospheres. 


raneous  deposition.  Measurements  of  the 
solubility  of  sphalerite  in  a  part  of  the 
system  ZnS-H2S-H20-NaOH  have  tested 
this  prediction. 

ZnS-H2S-H20-NaOH 

The  phase  relations  in  the  portion  of 
interest  of  this  system  are  not  greatly  dif- 
ferent from  those  in  the  ternary  ZnS-H2S- 
H20,  described  in  Year  Book  58.  Suffi- 
cient NaOH  was  added  to  the  ternary 
to   change    the    aqueous    solutions    from 


vestigation,  it  could  be  determined  to 
within  about  0.3  pH  unit  by  calculating 
a  material  balance  for  sulfur  in  the  reac- 
tions 

H2S  (g)->U2S  (aq)->HS-  +  H+ 

the  two  equilibrium  constants  being 
known. 

Above  neutrality,  the  solubility  of  ZnS 
in  solutions  saturated  with  H2S  is  a  func- 
tion predominantly  of  pH  and,  to  a  much 
smaller  extent,  of  temperature,  pressure, 
and  ionic  strength.  The  very  close  correla- 
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tion  between  ZnS  solubility  and  HS"  con- 
centration, but  not  to  H2S  concentration, 
is  evidence  that  the  mechanism  of  solubil- 
ity is 

ZnS  0)+HS-->ZnHS2- 

where  the  equilibrium  constant  at  25°  is 
about  1 X  10-3  (fig.  65)  at  an  ionic  strength 
of  1.6  molal.  This  reaction  describes  the 
data  obtained  for  pH  values  of  4  to  8.2, 
Ph2s  of  1  to  28  atm,  and  at  25°  to  195  °C. 
The  effect  of  temperature  on  the  stability 
of  this  complex  is  small;  the  equilibrium 


to 
O 


Temperature,  °C 

Fig.  65.    The   effective    equilibrium   constant 
expressed  in  mole  fractions  for  the  reaction 

ZnS  W+HS-  (tf#)-»ZnHS2-  (aq) 

Directions  of  approach  to  experimental  points 
are  shown  by  arrows.  Ionic  strength,  u,  is  given 
in  moles  per  1000  g  H20.  The  uncertainty  in 
the  experimental  value  of  X.  at  equilibrium  is 
about  5  per  cent. 

constant  does  not  vary  within  the  error 
of  determination  over  the  temperature  in- 
terval from  25°  to  195  °C  at  fixed  ionic 
strength. 

The  highest  solubility  determined  is  2.70 
g/liter  at  25  °C,  85  psi,  pH^8.2  with  an 
ionic  strength  of  10.3  molal.  In  the  same 
solution  at  145  °C  and  180  psi,  the  solu- 
bility is  2.42  g/liter.  (Solubility  measure- 
ments are  reproducible  within  ±2  per 
cent.)  As  indicated  by  the  ionization  of 
H2S,  these  solubilities  change  approxi- 
mately linearly  with  Ph2s,  or  an  order  of 


magnitude  for  a  charge  of  1  pH  unit,  other 
conditions  being  fixed. 

The  solubility  of  ZnS,  as  a  bisulfide 
complex  ion,  is  more  than  adequate  to 
account  for  transport  of  ZnS  at  geologi- 
cally reasonable  concentrations  (Clark, 
Year  Book  58)  and  the  pressures,  tempera- 
tures, and  values  of  pH  outlined  in 
figure  64. 

There  are  other  areas,  at  lower  values  of 
pH  than  those  predicted  in  figure  64, 
where  ZnS  might  conceivably  be  soluble  as 
a  molecular  complex  of  ZnS  either  with 
H2S  or  with  the  polysulfides,  H2Sa;.  The 
first  of  these  possibilities  was  eliminated 
by  the  investigation  of  the  system 
ZnS-H2S-H20  reported  previously  (Year 
Book  58),  in  which  the  solubility  was 
found  to  be  less  than  1  mg/liter  in  aqueous 
solutions  up  to  about  40  atm  and  180  °C. 
The  polysulfides  have  been  studied  this 
past  year  in  the  system  ZnS-H2S-H20-S. 

ZnS-HzS-HzO-S 

Polysulfide  liquids  were  synthesized  at 
— 15  °C  following  the  methods  of  Meissner, 
Conway,  and  Mickley  (1956)  and  were 
stored  in  a  metastable  state  at  dry  ice 
temperature.  These  liquids  dissociate  vio- 
lently after  several  days  at  room  tempera- 
ture and  more  quickly  at  higher  tempera- 
tures up  to  roughly  160  °C.  A  large 
variety  of  materials  catalyzes  the  break- 
down reaction 

H2S*  (/)-»H2S  (g)+^ytSs  (s) 

At  temperatures  above  roughly  160  °C,  the 
molecular  form  of  sulfur,  Ss,  changes  from 
a  ring  to  a  chain  structure  (Gee,  1958)  and 
the  chainlike  H2S#  liquids  (Feher,  Kruse, 
and  Lave,  1957)  become  stable.  These  are 
extraordinary  liquids  which  decompose 
violently  near  room  temperature  but  be- 
come stable  at  high  temperature.  They 
form  a  continuous  series  of  miscible  liquids 
between  H2S2  and  S  above  about  160  °C, 
but  are  immiscible  with  both  liquid  H2S 
and  H2O.  Their  P-T  stabilities  are  in- 
dicated by  figure  66,  based  primarily  on 
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data  from  Feher  and  Hitzemann  (1958). 
Solubility  measurements  of  ZnS  were 
made  in  H2S#  liquid,  in  H20-saturated 
EUSj;  liquid,  and  in  the  coexisting  aqueous 
liquid.  The  technique  involved  pipetting 
portions  of  the  liquid  H2S#  into  a  weighed 
Pyrex  tube  containing  a  weighed  portion 
of  ZnS  and,  occasionally,  S  and  H20.  The 
tube  was  then  partly  immersed  in  an 
acetone-dry  ice  bath,  evacuated,  and  sealed 
with  a  torch.    To  prevent  bursting,  the 


H2S5,  H2S6,  and  S  with  or  without  H20 
for  runs  up  to  19  days  in  duration  and  up 
to  300  °C.  No  loss  of  weight  of  covellite 
(CuS)  was  detected  in  H2Se  or  H20  under 
the  same  conditions.  The  small  quantities 
of  liquids  that  could  be  contained  by  Pyrex 
tubes  limited  the  minimum  detectable  solu- 
bility to  about  50  mg/liter. 

The  partial  pressures  of  the  molecular 
species,  S2,  for  the  coexistence  of  pyrite 
with  pyrrhotite,  and  digenite  with  covel- 
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Fig.  66.     Stabilities  of  polysulfide  liquids. 


tubes  were  placed  in  an  autoclave  with 
an  external  argon  pressure  of  3000  to  4500 
psi.  The  autoclave  was  then  heated  while 
being  rocked  to  facilitate  equilibration. 

After  cooling  slowly,  the  tubes  were 
opened  by  first  wrapping  them  in  paper 
sheathing  and  then  shattering  them  by  a 
sharp  impact.  The  sheathing  prevented  the 
internal  pressure,  about  17  atm,  from  ex- 
plosively disseminating  fragments  of  the 
ZnS  pellet  and  tube.  The  weight  of  the 
pellet  was  determined  and  loss  of  weight 
calculated.  No  loss  of  weight  of  ZnS  was 
detected  in  several  tubes  with  liquid  H2S, 


lite,  have  been  estimated  as  shown  on 
figure  66.  The  above  thermodynamic  argu- 
ments indicate  that  most  sphalerite  trans- 
port occurs  within  this  vapor  pressure 
(Ps2)  range.  However,  no  solubility  was 
found  in  this  region,  and  no  indication  was 
found  of  the  existence  of  a  stable,  soluble 
complex  of  ZnS  in  either  the  polysulfide 
liquids  or  the  coexisting  aqueous  solution. 
Because  polysulfide  ions  are  very  minor 
species  in  aqueous  solutions  at  equilibrium, 
they  also  are  unable  to  complex  quantities 
of  ZnS. 
Together,  the  several  lines  of  evidence 
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suggest  that  the  bisulfide  complex  is  the 
probable  mechanism  of  transport  for  at 
least  sphalerite.  Significant  solubilities 
were  found  in  the  region  where  thermo- 
dynamic considerations  predicted  their 
occurrence;  furthermore,  no  solubility  was 
detected  under  other  conditions.  This 
complex  is  geologically  reasonable  in  that 
many  reactions  could  cause  deposition  to 
form  a  variety  of  types  of  deposits.  Loss 
of  pressure,  decrease  in  pH,  or  oxidation 
of  the  ore  solution  would  lower  the  bi- 
sulfide concentration  and  could  cause 
deposition.  At  present,  it  appears  that 
neither  simple  dilution  nor  a  decrease  in 
temperature  would  decrease  the  solubility 
to  cause  deposition. 

There  is  evidence  that  other  metals 
found  in  sulfide  ores  also  are  soluble  in 
bisulfide  solutions.  During  experiments  in 
the  system  ZnS-H2S-H20-NaOH,  cor- 
rosion of  the  stainless-steel  bomb  walls 
demonstrated  that  sulfides  of  both  Ni  and 
Fe  are  slightly  soluble  in  these  solutions. 


In  addition,  some  solubilities  in  alkaline 
sulfide  solutions  are  reported  in  the  litera- 
ture for  Pb  (Hemley,  1953),  Hg  (Dickson 
and  Tunell,  1958),  and  Ag  and  Cu  (Gar- 
rels  and  Dreyer,  1952).  Although  there 
are  only  meager  data,  it  seems  probable 
that  these  seven  metals  owe  their  solubility 
to  the  formation  of  sulfide  or  bisulfide 
complexes. 

Besides  acting  as  solvents  for  ZnS  and 
several  other  metallic  sulfides  commonly 
found  as  ore  minerals,  aqueous  sulfide  and 
bisulfide  solutions  are  stable  under  the 
conditions  of  ore  transport  predicated  by 
present  geologic  data,  and  may  well  be 
common  ore-transporting  solutions.  More 
criteria  are  needed  to  determine  the  con- 
centrations of  the  metals  and  of  sulfur- 
containing  aqueous  species  under  ore- 
transporting  conditions;  and  the  types  and 
stabilities  of  aqueous  complexes  of  other 
ore  minerals  in  these  solutions  need  to  be 
investigated  experimentally. 


IRON  METEORITES 

S.  P.   Clar\,  Jr.,  and  G.  Kullerud 


In  last  year's  report  melting  relations  in 
the  iron-rich  part  of  the  system  Fe-Ni-S 
at  900°  and  1000 °C  were  presented.  These 
results  marked  the  beginning  of  a  study 
of  ternary  systems  which  may  be  re- 
garded as  simplified  iron  meteorites  with 
respect  to  both  composition  and  phases 
present.  Such  a  study  is  expected  to  ad- 
vance our  understanding  of  the  origin  and 
history  of  these  objects  from  interplanetary 
space. 

The  System  Fe-Ni-S 

We  have  attacked  this  system  by  in- 
vestigating phase  relations  in  isothermal 
sections.  All  the  work  has  been  done  in 
evacuated  silica  tubes  at  the  vapor  pressure 
of  the  system.  Below  800 °C,  runs  of  3  to 
6  months  are  necessary  in  order  to  attain 
equilibrium. 

Phase  relations  at  temperatures  from 
500°   to  800  °C  are  shown  in  figure  67. 


The  phase  diagrams  have  been  drawn  on 
the  assumption  that  sulfur  does  not  aflfect 
the  a  +  y  region  in  the  Fe-Ni  system. 
Since  sulfur  raises  the  a-y  transition  of 
pure  iron  by  only  3°C,  this  assumption  is 
plausible. 

A  large  three-phase  field  in  which 
pentlandite,  troilite,  and  y  alloy  coexist 
has  been  roughly  located  at  800  °C.  Pent- 
landite is  unknown  in  meteorites,  but  it 
is  a  very  important  mineral  in  terrestrial 
nickel  deposits.  Its  composition  appears 
to  be  variable  at  800  °C,  and  results  to 
date  indicate  that  the  Fe/Ni  ratio  in 
pentlandite  can  exceed  unity  by  a  con- 
siderable amount. 

The  composition  of  the  sulfide  in  equi- 
librium with  both  the  a  and  y  metal 
phases  is  of  particular  interest,  since  these 
three  phases  occur  together  in  meteorites. 
The  nickel  content  of  the  troilite  is  less 
than   1  per  cent  at   500 °C.    It  increases 
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to  roughly  2  per  cent  at  600  °C  and  about 
4  per  cent  at  700 °C,  but  decreases  to  less 
than  2  per  cent  at  800 °C.  The  reduction  in 
the  nickel  content  of  the  troilite  in  the 
three-phase  field  at  high  temperatures  is 
in  response  to  the  decrease  in  the  nickel 
content  of  the  alloys  with  which  it  is  in 
equilibrium.  The  troilite  must  approach 
FeS  in  composition  as  the  temperature  is 
raised  toward  913  °C,  the  transformation 


^NiS 


the  material  analyzed  was  pure  troilite. 
The  value  of  4.3  per  cent  nickel  was  found 
troilite  from   Cranbourne;    another 


in   a 


analysis  of  troilite  from  the  same  fall 
shows  no  nickel  at  all,  and  no  other  entry 
in  Farrington's  list  shows  as  much  as  half 
this  amount  of  nickel.  Several  analyses 
range  between  0.4  and  1.5  per  cent  nickel. 
Applying  these  data  to  the  phase  dia- 
grams  (fig.  67)   leads  to  temperatures  in 
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Fig.  67.  Phase  relations  in  the  system  Fe-Ni-S  at  500°,  600°,  700°,  and  800°C.  Vapor  pressures 
are  those  of  the  system.  Open  circles  represent  runs  in  three-phase  regions;  solid  circles,  runs  in 
two-phase  regions. 


temperature  of  sulfur-saturated  iron.  The 
nickel  content  of  the  troilite  also  becomes 
small  at  low  temperatures,  presumably 
because  of  the  small  solubility  of  nickel 
in  FeS  under  these  conditions.  Hence  the 
nickel  content  of  the  troilite  passes  through 
a  maximum  in  the  vicinity  of  700  °C. 

Analyses  of  a  number  of  troilites  from 
meteorites  are  given  in  Farrington's  com- 
pilation. They  show  nickel  contents  rang- 
ing from  zero  to  4.3  per  cent.  It  is  not 
clear  that  in  each  specimen  the  analyst 
looked  for  nickel,  and  it  is  not  clear  that 


the  neighborhood  of  500°  to  600°C  for 
those  troilites  with  about  1  per  cent  nickel. 
Considerably  lower  temperatures  are 
indicated  by  those  with  little  or  no  nickel. 
It  is  inferred  from  the  nickel  content  of 
coexisting  y  alloy  that  temperatures  below, 
rather  than  above,  700  °C  are  indicated  by 
the  troilites.  The  temperatures  deduced 
from  the  nickel  contents  of  the  y  alloys 
are  comparable  with  those  deduced  from 
the  troilites,  but  different  analysts  have 
obtained  strikingly  different  results  for 
y  alloys  in  the  same  fall.  Hence  no  quanti- 
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tative  comparison  of  the  temperatures  ob- 
tained from  the  two  phases  can  be  made. 

The  possible  effect  of  high  pressures  has 
been  ignored  in  deriving  the  above  results, 
as  has  the  effect  of  other  components, 
which  probably  is  small  since  other  ele- 
ments enter  troilites  in  small  amounts 
only.  A  second-order  effect  on  the  Fe/Ni 
ratio  of  the  troilite  results  from  the  effect 
of  other  components,  particularly  carbon 
and  phosphorus,  on  the  compositions  of 
the  coexisting  metal  phases. 

Temperatures  derived  in  this  manner 
can  evidently  be  no  better  than  the  analyti- 
cal data  upon  which  they  are  based.  Be- 
fore results  of  the  sort  being  obtained  in 
this  work  can  attain  their  fullest  value, 
much  work  on  the  compositions  of  the 
individual  phases  present  in  meteorites 
remains  to  be  done.  With  such  data 
on  the  natural  phases,  the  present  results 
and  their  future  refinements  will  be  of 
great  aid  in  tracing  the  history  of  the  iron 
meteorites. 

X-Ray  Studies  of  (Fe,Ni)S 

Our  precise  studies  of  the  lattice  parame- 
ters of  pyrrhotites  have  thus  far  been 
solely  concerned  with  the  d  value  of  the 
(102)  reflection.  This  is  the  strongest  re- 
flection in  the  pyrrhotite  pattern,  and  its  d 
value  reflects  the  change  in  the  length  of 
the  c  axis  with  greater  sensitivity  than 
does  that  of  any  of  the  other  strong  reflec- 
tions. Since  the  c  axis  is  changed  most 
by  deficiency  of  metal  or  by  substitution 
of  Ni  for  Fe  in  the  structure,  ^(102)  is 
the  most  useful  single  parameter  for  the 
determination  of  composition  by  X  rays. 

A  number  of  runs  in  the  system  Fe-S 
were  made  with  sulfur  contents  between 
36.47  weight  per  cent  (stoichiometric  FeS) 
and  36.38  weight  per  cent  in  an  effort  to 
establish  solid  solution  between  FeS  and 
Fe.  These  runs  were  equilibrated  at  900  °C 
and  quenched  into  ice  water.  Metal  could 
be  observed  under  the  microscope  in  some 
of  them,  and,  since  very  small  quantities 
were  present  in  any  event,  failure  to  find 


metal  in  some  runs  does  not  prove  its  ab- 
sence. No  significant  change  in  d(l02) 
was  found.  Our  conclusion  is  that  any  ex- 
cess of  iron  in  FeS  which  may  be  present 
at  high  temperatures  cannot  be  quenched 
in,  and  hence  no  evidence  for  its  existence 
is  provided  by  the  present  work. 

These,  and  other  runs  in  which  the 
excess  of  iron  over  that  in  FeS  was  larger, 
can  be  used  to  estimate  the  precision  with 
which  d(\02)  can  be  measured,  iron  being 
used  as  an  internal  standard.  In  sixteen 
samples,  the  standard  deviation  of  a  single 
observation  was  0.0003  A,  corresponding  to 
an  uncertainty  of  about  0.01°  in  the  20 
angle.  The  maximum  departure  from  the 
mean  was  0.0007  A.  These  results  are  gen- 
erally consistent  with  the  experience  of 
others  but  are  based  on  more  measure- 
ments than  are  usually  available  for  such 
studies. 

X-ray  studies  on  troilites  made  in  the 
ternary  Fe-Ni-S  system  have  not  con- 
firmed the  maximum  in  the  curve  of 
d(\02)  vs.  nickel  content  that  was  tenta- 
tively suggested  in  last  year's  report.  Our 
present  data  suggest  that  substitution  of  a 
few  per  cent  Ni  for  Fe  in  FeS  has  no 
measurable  effect  on  J  (102).  If  more 
nickel  is  added,  the  d  value  decreases 
markedly  with  increasing  nickel  content. 
This  behavior  is  qualitatively  similar  to 
that  observed  by  Arnold  (Year  Book  56,  p. 
195)  for  Co  in  FeS.  We  cannot  put  our 
results  on  a  quantitative  basis  because  we 
do  not  know  the  compositions  of  the  troi- 
lites with  sufficient  accuracy.  The  above 
statements  are  inferred  from  the  composi- 
tions of  troilites  coexisting  with  a  and  y 
alloys  or  with  y  alloys  and  pentlandite  as 
determined  by  the  phase  diagrams. 

This  behavior  of  d(l02)  gives  some  in- 
formation about  the  maximum  metal-to- 
sulfur  ratio  that  can  be  tolerated  by 
nickeliferous  troilites.  The  fact  that  the 
d  value  never  increases  from  the  value  for 
FeS  suggests  that  this  ratio  cannot  sig- 
nificantly exceed  unity.  But  the  decrease 
in  ^(102)   at  high  nickel  contents  could 
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be  the  result  of  metal  deficiency  in  the 
troilites  rather  than  the  direct  results  of 
the  addition  of  nickel.  Further  work  is 
needed  to  settle  this  point.  It  appears  that 


the  X-ray  properties  of  nickeliferous  troi- 
lites are  not  sufficiently  characteristic  of 
a  given  bulk  composition  to  be  used  as  a 
means  of  chemical  analysis. 


GEOTHERMAL  CALCULATIONS 

S.  P.  Clar\,  Jr. 


The  present  distribution  of  temperature 
in  the  earth,  and  its  evolution  in  time,  re- 
main among  the  major  unsolved  problems 
in  geophysics.  Magmatism  and  meta- 
morphism,  as  well  as  the  forces  leading 
to  orogenic  disturbances,  apparently  have 
their  origin  in  deep-seated  thermal 
processes.  One  of  the  goals  of  geophysical 
theory  is  the  understanding  of  the  proc- 
esses by  which  a  part  of  the  thermal 
energy  escaping  from  the  earth  is  trans- 
formed into  mechanical  and  chemical 
energy.  But  such  understanding  can  only 
come  about  with  a  much  better  knowledge 
of  the  temperature  in  the  earth  as  a  func- 
tion of  position  and  time. 

Geothermal  theory  has  been  advanced 
in  recent  years  by  the  realization  that 
processes  of  heat  transfer  that  are  negligi- 
ble under  ordinary  conditions  may  become 
very  important  at  high  temperatures.  Heat 
transfer  by  electromagnetic  radiation  is  an 
example  of  such  a  process,  and  other  proc- 
esses resulting  from  motion  of  electrons 
in  a  thermal  gradient,  such  as  heat  trans- 
fer by  excitons,  may  also  be  important. 
The  thermal  conductivity  arising  from 
such  effects  depends  strongly  on  tempera- 
ture, which  at  first  glance  suggests  that 
the  heat  equation  must  be  solved  in  non- 
linear form  if  accurate  results  are  to  be 
obtained.  This  proves  not  to  be  so,  and 
solutions  to  the  nonlinear  equation  have 
no  qualitative  features  that  disappear  upon 
linearization. 

A  disadvantage  of  the  nonlinear  equa- 
tion is  that  the  principle  of  superposition 
is  no  longer  valid,  so  that  the  effect  of 
changing  individual  parameters  of  the 
problem  is  no  longer  clear  cut.  For  ex- 
ample, the  temperature  due  to  initial  heat 
becomes    interwoven    with    that    arising 


from  radiogenic  heat  in  the  nonlinear 
case,  whereas  the  two  sources  of  tempera- 
ture can  be  clearly  separated  if  the  equa- 
tions are  linearized. 

The  problem  of  the  cooling  of  a  radio- 
active sphere  can,  by  the  principle  of 
superposition,  be  broken  down  into  two 
simpler  problems.  In  the  first,  the  tempera- 
tures are  calculated  for  a  sphere  which  is 
initially  at  some  low,  uniform  tempera- 
ture (which  may  be  taken  to  be  zero)  and 
in  which  heat  is  produced  by  radioactive 
decay.  In  the  second  part  of  the  problem 
the  temperature  is  taken  to  be  some  func- 
tion of  radius  initially  and  it  is  assumed 
that  there  is  no  heat  production.  In  both 
problems  the  surface  of  the  sphere  is 
assumed  to  be  maintained  at  zero  for  all 
time,  and  the  temperature  is  assumed  to 
depend  on  radius  only.  The  sum  of  the 
temperatures  calculated  in  these  two  prob- 
lems is  then  the  temperature  in  a  sphere 
with  heat  production  and  with  a  nonzero 
initial  temperature. 

The  meaning  of  time  *=0  depends  on 
the  particular  model  adopted.  If  we 
assume  that  the  earth  originated  by  accre- 
tion of  a  dust  cloud,  t=0  is  the  time 
when  the  accretion  process  was  completed, 
and  the  initial  temperature  is  the  tempera- 
ture resulting  from  heat  due  to  accretion 
and  to  previous  radioactive  decay  at  that 
time.  Alternatively  we  may  assume  that 
the  earth  was  partly  melted  and  that  segre- 
gation of  heavy  constituents  toward  the 
center  and  lighter  ones  toward  the  surface 
took  place  at  that  time.  Then  t=0  refers 
to  the  time  when  mass  transfer  had  effec- 
tively ceased. 

Some  limits  to  the  effects  of  radiative 
transfer,  and  other  processes  which  lead  to 
high  thermal  conductivity  at  high  temper- 
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atures,  can  be  set  from  earth  models  with 
nonuniform  thermal  conductivity.  We  shall 
consider  a  sphere  composed  of  an  outer 
shell  with  a  finite  conductivity  surround- 
ing a  core  (not  to  be  confused  with  the 
seismically  determined  core  of  the  earth) 
in  which  the  thermal  conductivity  is  in- 
finite. This  gives  an  upper  limit  to  the 
effect  that  high  conductivities  at  depth  can 
have  on  temperatures  near  the  surface. 
This  model  is  evidently  imperfect.  It  does 
not  lead  to  a  distribution  of  temperatures 
near  the  interface  between  the  core  and 
the  shell  that  is  likely  in  the  real  earth,  and 
it  requires,  implausibly,  that  the  thermal 
gradient  be  zero  within  the  core.  Never- 
theless, some  rather  definite  information 
about  temperatures  at  shallow  depths  can 
be  gained  from  such  a  model,  and  from 
contrasting  it  with  a  more  conventional 
one  in  which  the  conductivity  is  assumed 
to  be  uniform. 

In  the  calculations  discussed  below,  the 
radioactive  heat  generation  is  assumed  to 
be  uniform  throughout  the  earth  and  to 
be  present  in  the  same  amounts  as  in  the 
chondritic  meteorites.  This  has  the  ad- 
vantage of  leading  to  results  that  can  be 
directly  compared  with  previous  studies. 
But  there  remains  a  discrepancy  between 
the  meteorites  and  terrestrial  rocks  that 
has  aroused  little  attention  in  the  past. 
Some  60  per  cent  of  the  heat  produced  at 
present  in  chondrites  results  from  the 
decay  of  K40  with  about  20  per  cent  each 
from  uranium  and  thorium.  In  terrestrial 
igneous  rocks  the  contribution  from  potas- 
sium is  closer  to  20  per  cent  of  the  total 
heat  production.  This  difference  is  im- 
portant because  K40  was  much  more 
abundant  in  the  past  owing  to  its  relatively 
short  half -life. 

Temperatures  in  a  model  earth  initially 
at  zero  and  with  uniform  conductivity 
and  heat  production  are  shown  in  figure 
68.  The  heat  flow  at  the  surface  and  the 
temperatures  at  shallow  depths  change 
but  little  with  time.  This  is  a  consequence 
of  allowing  for  the  finite  half-lives  of  the 
radionuclides.    On   this  model   the  earth 


is  now  cooling  slightly  at  shallow  depths, 
in  adjustment  to  the  decline  in  heat  pro- 
duction. 

At  great  depths  the  thermal  gradient 
vanishes  on  this  model.  This  is  the  result 
of  the  fact  that,  thermally  speaking,  the 
earth  is  a  very  young  body.  The  condition 
that  the  surface  remain  at  0°  for  all  time 
makes  no  difference  to  the  temperatures  at 
depths  greater  than  1000  kilometers  or  so; 
these  regions  heat  as  if  the  surface  were 
infinitely  distant. 

These  results  are  contrasted  with  those 
for  a  model  earth  with  a  perfectly  conduct- 
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Fig.  68.  Temperatures  in  an  earth  of  uniform 
properties  and  uniform  heat  production.  Initial 
temperature  zero.  Curves  refer  to  times  of  1,  3, 
and  5x  109  years. 

ing  core  in  figures  69  and  70.  If  the  thick- 
ness of  the  outer  shell  is  700  kilometers 
the  temperatures  near  the  surface,  and 
the  surface  heat  flow,  are  virtually  identical 
with  the  case  of  uniform  conductivity.  In 
the  case  of  a  shell  500  kilometers  thick, 
nearly  equivalent  results  are  obtained.  Evi- 
dently the  surface  of  the  earth  is  insulated 
from  the  deep  interior  in  just  the  same 
way  as  the  interior  is  insulated  from  the 
surface.  No  thermal  observation  that  can 
be  made  at  the  surface  gives  information 
about  the  conductivity  at  great  depths. 

If  the  thickness  of  the  shell  is  200  or 
300  kilometers,  however,  the  heat  flow  at 
the  surface  is  affected.  Instead  of  0.6  X 10"6 
cal/cm2  sec,  as  found  in  the  previous  cases, 
the  heat  flow  is  about  0.7  X 10"6  cal/cm2 
sec.  Temperatures  are  also  higher,  and  the 
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thermal  gradient   in  the  shell   is  almost 
linear. 

With  uniform  conductivity  there  is  no 
thermal  gradient  at  great  depth  if  the 
heat  production  is  uniform.  Therefore, 
no  heat  conduction  takes  place  and  the 
mechanism  of  heat  transfer  is  unimportant. 
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Fig.  69.  Temperatures  in  an  earth  with  a  per- 
fectly conducting  center  after  3xl09  years.  Ini- 
tial temperature  zero,  uniform  heat  production. 
Numbers  beside  the  curves  give  the  thickness  of 
the  outer  shell  in  kilometers. 


Depth.kilometers 

Fig.  70.  Temperatures  in  an  earth  with  a 
perfectly  conducting  center  after  5  X 109  years. 
Initial  temperature  zero,  uniform  heat  produc- 
tion. Numbers  beside  the  curves  give  the  thick- 
ness of  the  outer  shell  in  kilometers. 

It  follows  that  no  cooling  takes  place  at 
these  depths,  and  cooling  can  only  be 
achieved  by  changing  the  model.  A 
thermal  gradient  can  be  set  up  by  suppos- 
ing that  the  radioactive  heat  sources  were 
initially  concentrated  toward  the  center, 
or  by  supposing  that  partial  fusion  and 
resulting  mass  transfer  took  place.  The 
latter  case  leads  to  a  thermal  gradient 
equal  to  the  melting-point  gradient,  and 


in  either  case  cooling  at  all  depths  becomes 
possible. 

An  estimate  of  the  amount  of  cooling 
can  be  obtained  by  taking  initial  tempera- 
tures of  the  form  m(Rn  —  rn),  where  r  is 
the  radial  coordinate,  R  is  the  radius  of 
the  earth,  and  m  and  n  are  constants.  Ap- 
proximate solutions  to  the  heat  equation, 
which  are  easily  evaluated,  are  available 
for  this  initial  condition.  If  m  is  adjusted 
so  that  the  initial  temperature  is  3500  °C 
at  r=Y2R,  the  cooling  at  depth  is  only 
about  100°C  in  the  last  3X109  years  for 
n  between  1  and  4.  It  appears  that  the 
cooling  of  the  deep  interior  must  always 
be  slight. 

An  estimate  of  the  heating  of  the  deep 
interior  can  be  obtained  from  the  data 
shown  in  figure  68.  In  the  last  3X109 
years  it  has  amounted  to  about  600° C  on 
the  uniform  model.  This  estimate  is  too 
large,  perhaps  by  as  much  as  a  factor 
of  10,  since  there  is  ample  evidence  that 
the  radioactive  heat  production  in  the 
earth  is  strongly  concentrated  toward  the 
surface.  The  amount  of  heat  production 
remaining  at  depth  is  probably  much  less 
than  that  assumed  in  the  uniform  model. 

Earth  models  are  commonly  based  on 
the  assumption  that  the  initial  tempera- 
tures were  the  temperatures  of  solidifica- 
tion, at  least  throughout  the  mantle.  The 
above  discussion  suggests  that  the  temper- 
atures at  present  must  be  within  a  few 
hundred  degrees  of  such  initial  tempera- 
tures, so  that  the  problem  of  calculating 
temperatures  at  great  depth  really  de- 
generates into  the  problem  of  estimating 
the  initial  temperatures.  This  has  com- 
monly been  done  either  by  substituting 
data  of  doubtful  accuracy  into  Clapeyron's 
equation  or  by  reasoning  by  analogy  with 
the  melting  relations  of  those  few  silicates 
for  which  the  effect  of  pressure  has  been 
determined.  In  either  method  the  mantle 
is  tacitly  assumed  to  melt  as  if  it  were  a 
system  of  a  single  component,  which 
seems  like  grasping  at  straws.  The  effect 
of  pressure  on  minimum  melting  points 


GEOPHYSICAL  LABORATORY        147 


in  multicomponent  systems  may  be  ex- 
pected to  be  substantially  smaller  than  the 
effects  on  the  end  members.  The  scanty 
experimental  data  now  available  are  in 
agreement  with  this  expectation. 

Although  the  present  work  has  clarified 
the  role  of  deep-seated  thermal  conductiv- 
ity in  the  thermal  region  of  the  earth,  a 
number  of  questions  remain  to  be  investi- 
gated. Outstanding  among  them  is  the 
influence    of    upward    concentration    of 


radioactivity  on  the  heat  flow  at  the  sur- 
face. It  is  also  hoped  that  simple,  tractable 
ways  of  estimating  temperatures  will 
emerge  from  this  work.  The  solutions  de- 
scribed above  were  obtained  with  the  aid 
of  a  digital  computer,  but  if  simpler  pro- 
cedures can  be  found  more  models  can 
be  investigated  and  the  underlying  physi- 
cal principles  will  be  less  likely  to  be 
obscured  by  the  mathematical  complexity 
of  the  solutions. 


THE  AGES  OF  ROCKS  AND  MINERALS 

(A  cooperative  program  of  the  Geophysical  Laboratory  and  the  Department  of  Terres- 
trial Magnetism  of  the  Carnegie  Institution  of  Washington) 

G.  L.  Davis,  G.  R.  Tilton,  L.  T.  Aldrich}1  G.  W.  Wetherill,11  and  M.  N.  Bass 1X 


In  order  to  evaluate  the  significance  of 
the  results  of  mineral  age  determinations 
it  is  necessary  to  take  into  account  the 
effects  of  the  physical  and  chemical  forces 
that  have  acted  upon  the  minerals  since 
they  were  first  formed.  The  identification 
and  magnitude  of  these  forces  can  be  in- 
ferred, in  favorable  cases,  from  the  infor- 
mation obtainable  from  the  minerals,  from 
similar  or  associated  minerals,  from  geo- 
logical relationships,  both  local  and  re- 
gional, and  from  application  of  the  laws 
of  physics  and  chemistry.  Earlier  it  was 
shown  that  metamorphic  processes  may 
affect  differently  the  ages  measured  for 
the  several  kinds  of  minerals  commonly 
used,  the  observed  ages  of  the  minerals 
being,  in  general,  lowered. 

The  mechanism  of  loss  of  daughter 
product  by  diffusion  has  been  invoked  in 
the  literature  to  explain  the  lowering  of 
the  apparent  age.  Most  studies  have  dealt 
with  diffusion  rates  for  argon,  for  which 
a  fair  amount  of  experimental  data  now 
exists;  data  for  lead  and  strontium  are 
lacking.  A  theoretical  analysis  can  be  made 
for  the  discordant  U-Pb  ages  that  would 
result  from  continuous  loss  of  lead  by  dif- 
fusion at  rates  that  differ  from  one  mineral 
to  another,  and  it  is  found  that  the  pre- 
dicted ages  closely  fit  those  actually  ob- 

11  Department  of  Terrestrial  Magnetism. 


served  in  several  instances.  This  approach 
offers  a  promising  solution  to  several  prob- 
lems that  have  existed  in  geochronology. 

The  application  of  age  measurements 
to  a  limited  geological  problem  in  north- 
ern Michigan  has  been  promoted  by  addi- 
tional measurements  and  more  complete 
geological  information.  This  work  leads 
to  an  estimation  of  the  value  of  using  age 
determinations  to  supplement  field  and 
petrographic  studies,  in  particular  those 
involving  metamorphic  rocks.  In  this  small 
area  in  Michigan,  the  age  results  in  part 
agree  with  the  field  determination  of  meta- 
morphic intensity  and  in  part  can  be 
interpreted  as  amplifying  the  field  data. 
It  is  also  possible  to  give  closer  limits  for 
some  of  the  events  that  occurred  in  Pre- 
cambrian  time. 

The  study  of  the  ages  of  the  igneous 
and  metamorphic  rocks  of  the  basement 
complex  of  the  Karelian  peninsula  has 
been  continued,  with  analyses  of  addi- 
tional mineral  samples.  The  problem  in 
Finland  is  comparable  to  that  of  the  Balti- 
more gneiss  and  associated  rocks  in  the 
Appalachian  orogenic  belt.  The  super- 
position of  two  orogenic  cycles  appears  to 
offer  the  best  explanation  of  the  age  pat- 
tern observed. 

One  of  the  earlier  results  of  the  age 
work  was  the   discovery  of  a  region  in 
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southwestern  United  States  where  the 
occurrence  of  many  1350  m.y.  ages  in- 
dicated widespread  metamorphic  activity 
at  that  time.  A  comparable  region  of 
1000  m.y.  ages,  formerly  known  mostly  in 
southern  Canada,  has  now  been  found 
to  extend  well  into  eastern  United  States. 
The  area  has  been  outlined  by  age  meas- 
urements, some  for  material  recovered 
from  drill  holes  penetrating  to  the  base- 
ment rocks  through  the  covering  sedi- 
ments. 

Continuous   Diffusion   and  Discordant 
Lead  Ages 

Two  independent  ages  for  a  mineral 
can  be  determined  by  the  U-Pb  method, 
one  from  the  Pb206/U238  ratio  and  one 
from  the  Pb207/U235  ratio.  Owing  to  the 
fact  that  the  half-life  of  U235  is  one-sixth 
that  of  U238,  the  two  ages  will  not  be  ex- 
pected to  agree  if  the  mineral  has  not  been 
a  closed  system  with  respect  to  uranium 
and  lead  since  it  was  formed.  Conversely, 
when  the  two  ages  are  concordant,  it  is 
generally  assumed  that  the  mineral  repre- 
sents a  closed  system  and  that  the  correct 
geological  age  has  been  measured.  (In 
practice,  this  criterion  breaks  down  for 
minerals  younger  than  approximately 
350  m.y.,  in  which  event  both  ages  closely 
approach  linear  dependence  on  the  U/Pb 
ratios.)  More  than  half  the  uranium-lead 
ages  in  the  literature  are  discordant.  Here 
the  ages  are  considered  discordant  if  the 
U238-Pb206  age  differs  from  the  Pb207-Pb206 
age  by  more  than  10  per  cent.  The  cause 
of  discordances  is  a  matter  of  some  im- 
portance, since  this  knowledge  might  de- 
fine certain  aspects  of  the  postcrystalliza- 
tion  history  of  a  mineral.  Another  type 
of  age  discordance  is  that  in  which  the 
uranium-lead  ages  of  zircon  from  a  granite 
or  gneiss  can  be  either  greater  or  less 
than  the  K-Ar  and  Rb-Sr  ages  of  the  co- 
existing biotite.  These  problems  will  be 
discussed  in  the  light  of  recent  develop- 
ments. 

Five  years  ago  Wetherill  (1956)   devel- 


oped a  useful  graphical  method  of  portray- 
ing discordant  U-Pb  ages  which  is  illus- 
trated in  figure  71.    If  a  mineral  has  a 

TJ238_pb206   age   equal    tQ   ks   U235_pb207   ^ 

the  ages  are  said  to  be  concordant  and  can 
be  represented  by  a  point  on  a  plot  of 
Pb206/U238  against  Pb207/U235.  All  such 
points  determine  a  concordant  age  curve 
called  "concordia."  Now,  consider  a  group 
of  minerals  of  age  tx  that  lost  different 
amounts  of  lead  at  time  t2.  Two  limiting 
cases  are  obvious :  if  lead  loss  at  ti  is  zero, 
the  sample  will  plot  at  h  on  concordia; 
if  lead  loss  at  t2  is  100  per  cent,  the  sample 
will  plot  at  h  on  concordia.    It  can  be 
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Fig.  71.    Diagram  of  discordant  ages  of  min- 
erals from  Rhodesia  and  Madagascar. 

shown  that  minerals  that  lost  only  part 
of  their  lead  (assuming  that  Pb206  and 
Pb207  are  lost  in  amounts  proportional 
to  their  abundance)  will  plot  on  a  chord 
connecting  tx  and  t2.  The  position  on  the 
chord  is  determined  by  the  amount  of  lead 
lost.  Thus  the  ages  depicted  in  figure  71 
are  interpreted  to  represent  a  suite  of  2700- 
m.y.  minerals  that  lost  part  of  their  lead 
500  m.y.  ago.  These  minerals  are  from 
Madagascar  and  Rhodesia  where  other 
U-Pb,  Rb-Sr,  and  K-Ar  ages  of  500  to  600 
m.y.  are  found.  It  seems  reasonable  to 
associate  the  lead  loss  with  a  period  of 
metamorphism  recorded  by  the  younger 
mineral  ages. 

Additional   U-Pb    ages   now    exist    for 
minerals  having  ages  of  about  2700  m.y. 
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from  other  continents.  (See  the  discussion 
below  of  age  data  from  Finland  and 
Michigan.)  It  is  curious  that  minerals 
of  this  same  age  from  Europe,  North 
America,  Asia,  and  Australia  all  fit  nearly 
the  same  chord  as  the  African  minerals. 
If  the  discordances  are  to  be  explained 
by  a  single  episode  of  lead  loss,  the  time 
of  loss  must  have  been  about  the  same  for 


intermediate  daughter  products  is  negligi- 
ble compared  with  lead;  (4)  the  diffusion 
coefficient,  D,  has  been  constant;  (5)  the 
diffusion  of  lead  is  governed  by  Fick's 
law,  that  is,  by  concentration  gradients. 

It  is  possible  to  calculate  the  lead  con- 
tent of  spheres  of  age  t  as  a  function  of 
the  diffusion  coefficient,  D,  with  the  fur- 
ther assumptions  that  no  initial  radiogenic 
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Fig.  72.    Parent-daughter  ratios  for  minerals  having  pb207-Pb206  ages  from  2300  to  2800  m.y. 
The  curve  through  the  points  is  calculated  for  loss  of  lead  by  continuous  diffusion  for  2800  m.y. 


all  continents.  The  North  American  and 
European  samples  are  from  shield  areas 
where  age  determination  studies  give  no 
evidence  for  igneous  intrusion  or  meta- 
morphism  500  to  600  m.y.  ago. 

As  an  alternative  explanation  of  this 
kind  of  data,  loss  of  lead  by  continuous 
volume  diffusion  has  been  considered.  The 
model  used  for  the  calculations  assumes 
that:  (1)  the  minerals  consist  of  spherical 
crystals  of  effective  radius  a;  (2)  uranium 
is  uniformly  distributed  within  the 
spheres;    (3)    diffusion   of   uranium   and 


lead  is  incorporated  in  the  spheres  and 
that  the  concentration  of  lead  at  the  sur- 
faces of  the  spheres  is  zero  at  all  times. 
Nicolaysen  (1957)  has  published  solutions 
for  this  calculation.  A  solution  is  shown 
in  figure  72  for  minerals  2800  m.y.  old. 
The  curve  labeled  with  values  of  D/a2 
is  the  locus  of  points  which  represent  all 
possible  samples  that  conform  to  the  dif- 
fusion model.  (It  is  more  convenient  to 
use  the  parameter  D/a2  instead  of  D  itself 
since  the  two  terms  always  occur  together 
as  a  ratio  and  there  is  uncertainty  in  the 
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proper  value  of  a  to  be  used  for  actual 
minerals.)  For  example,  the  point  at 
10X10"12  yr"1  gives  the  Pb207/U235  and 
Pb206/U238  values  that  exist  today  for  a 
mineral  having  an  age  of  2800  m.y.  and 
a  value  of  lOXlO"12  yr"1  for  D/a2.  It  is 
interesting  that  the  D/a2  curve  ("dis- 
cordia")  is  a  reasonably  good  fit  to  the 
points  representing  the  minerals  that  ap- 
pear to  have  ages  of  about  2700  m.y.  from 
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Fig.  73.  Parent-daughter  ratios  for  minerals 
from  Belomoria,  Karelia,  compared  with  the 
curve  calculated  for  loss  of  lead  by  continuous 
diffusion  for  1900  m.y. 

five  continents.  Therefore  the  fact  that 
the  samples  all  appear  to  have  lost  lead 
500  to  600  m.y.  ago  need  not  have  any 
geologic  significance;  the  same  result  can 
be  obtained  by  a  process  involving  con- 
tinuous loss  of  lead.  This  process  provides 
a  reasonable  explanation  for  areas  like 
Finland  and  northern  Michigan  where  no 
evidence  has  been  found  for  metamorphic 
events  500  to  600  m.y.  ago. 

A  second  example  of  a  suite  of  minerals 
with  discordant  ages  that  fit  the  diffusion 
hypothesis  is  given  in  figure  73.    These 


minerals  are  from  pegmatites  in  the  White 
Sea  region  of  Karelia.  The  age  determina- 
tions were  made  by  Starik  and  Zhirov  and 
their  co-workers.  The  fit  of  points  to 
the  discordia  curve  in  figure  73  is  sub- 
stantially better  than  in  figure  72.  This 
result  might  be  expected  since  the  require- 
ment that  the  minerals  all  have  the  same 
age  is  more  likely  to  be  true  for  the 
Karelian  suite  than  for  samples  taken  from 
several  continents. 
Figure  74  compares  the  U/Pb  ratios  of 
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Fig.  74.  Parent-daughter  ratios  for  minerals 
from  North  America  with  Pb207-Pb206  ages  from 
1000  to  1150  m.y.,  compared  with  the  curve 
calculated  for  loss  of  lead  by  continuous  diffusion. 

a  number  of  North  American  minerals 
having  Pb207-Pb206  ages  of  1000  to  1150 
m.y.  with  a  discordia  curve  for  minerals 
of  age  1150  m.y.  For  minerals  this  young, 
the  D/a2  curve  lies  closer  to  concordia 
than  in  the  previous  figures,  so  that  inter- 
pretation of  the  data  becomes  more  diffi- 
cult. It  is  clear,  however,  that  a  diffusion 
hypothesis  is  capable  of  explaining  these 
discordant  ages. 

Diffusion  may  explain  a  problem  con- 
cerning the  behavior  of  the  ages  given 
by  coexisting  biotite  and  zircon  as  shown 
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in  table  9.  In  the  Pikes  Peak  and  Cape 
granites,  zircon  appears  to  have  lost  lead 
under  conditions  that  did  not  affect  the 
argon  and  strontium  content  of  biotite 
appreciably.  In  contrast,  at  Baltimore  and 
Matasvaara  biotite  has  lost  argon  and 
strontium,  or  has  been  recrystallized,  un- 
der conditions  that  caused  negligible  loss  of 
lead  from  zircon.  This  is  rather  surpris- 
ing, since  these  gneisses  have  been  sub- 
jected to  periods  of  metamorphism  during 
which  temperatures  should  have  reached 
values  of  400°  to  600  °C  for  some  tens  of 
millions  of  years.  In  principle,  diffusion  is 
capable  of  explaining  these  differences. 


that  Q  in  the  expression  given  above  is 
composed  of  two  parts  at  high  tempera- 
ture, E  and  U.  E  is  the  energy  required 
to  form  one  mole  of  vacancies  in  the 
lattice,  and  U  is  the  energy  barrier  to  be 
surmounted  by  a  diffusing  particle  in  mov- 
ing from  the  vicinity  of  a  vacancy  into  the 
vacancy.  Ideally,  Q  is  equal  to  the  sum  of 
E  and  U  for  diffusion  at  high  tempera- 
ture but  only  to  U  for  diffusion  at  low 
temperature.  It  is  also  apparent  that  the 
temperature  dependence  of  D  increases  as 
the  activation  energy  increases.  A  good 
example  of  the  processes  discussed  above 
can   be  seen  in   the  work  of  Mapother, 


TABLE  9.    Comparison  of  Ages  of  Coexisting  Zircon  and  Biotite 


Mineral 

Age,  mill 

ion  years 

Rock 

TJ238 

TJ235 
Pb207 

Pb207 

Yh232 

Rb 
Sr 

K 

pD206 

PJ3206 

Pb208 

Ar 

Granite,  Pikes  Peak,  Colo. 

Zircon 
Biotite 

624 

707 

980 

313 

1020 

980 

Granite,  Capetown,  S.  Africa 

Zircon 
Biotite 

330 

355 

530 

240 

600 

505 

Baltimore  gneiss,  Baltimore,  Md. 

Zircon 
Biotite 

1040 

1070 

1120 

940 

305 

340 

Gneiss,  Matasvaara,  Finland 

Zircon 
Biotite 

2520 

2660 

2770 

2750 

1815 

1730 

The  variation  of  the  diffusion  coefficient 
with  temperature  can  usually  be  described 
by  equations  of  the  type  D(T)=Do  exp 
(-Q/RT),  where  D(T)  is  the  value  of  D 
at  temperature  T,  Do  is  a  constant,  and  Q 
is  an  activation  energy.  Diffusion  in  a 
lattice  is  generally  considered  to  depend  on 
the  concentration  of  vacancies  in  the 
lattice.  These  vacancies  are  of  two  types, 
temperature-independent  and  tempera- 
ture-dependent. The  first  kind  may  result 
from  impurities  or  imperfections  in  the 
crystal  and  predominates  at  low  tempera- 
tures. As  temperature  is  increased,  higher 
thermal  energies  of  the  atoms  in  the  lattice 
create  the  second  kind  of  vacancies.  The 
number  of  these  vacancies  is  strongly 
temperature-dependent  and  predominates 
over  the  temperature-independent  vacan- 
cies at   high   temperatures.    This   means 


Crooks,  and  Maurer  (1950)  for  the  diffu- 
sion of  sodium  in  NaCl  and  NaBr. 

Fechtig,  Gentner,  and  Zahringer  (1960) 
have  published  values  of  D  as  a  function 
of  temperature  for  the  diffusion  of  argon 
in  four  minerals.  They  find  low  values  of 
the  activation  energy  (3  to  10  kcal/mole) 
over  a  temperature  interval  of  approxi- 
mately 50°  to  300  °C  and  high  values 
(27  to  56  kcal/mole)  above  300 °C.  By 
assuming  that  the  change  from  low  to 
high  activation  energy  occurs  at  a  some- 
what higher  temperature,  about  500  °C,  for 
diffusion  of  lead  in  zircon,  the  ages  in 
table  9  can  be  explained.  The  U-Pb  ages 
that  are  lower  than  the  K-Ar  and  Rb-Sr 
ages  appear  to  be  the  result  of  low-tempera- 
ture diffusion  for  which  the  rates  are  con- 
trolled by  the  temperature-independent 
vacancies,  that  is,  structure-sensitive  diffu- 
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sion. 


On  the  other  hand,  the  results  of 
Fechtig,  Gentner,  and  Zahringer  show 
that  D  in  margarite,  the  only  mica  studied 
by  them,  has  values  such  that  all  argon 
would  be  lost  from  millimeter-size  crystals 
in  a  few  million  years  at  a  temperature  of 
500 °C.  Their  curve  of  log  D  against  1/T 
shows  a  rapid  increase  in  D  above  a  tem- 


of  observations   and  certainly   merit  fur- 
ther study. 

The  Ages  of  Minerals  from  Met  amorphic 
Zones  in  Northern  Michigan 

In  northern  Michigan,  where  Pre- 
cambrian  rocks  are  exposed  throughout  a 
large  area,  centers  and  zones  of  regional 


Fig.  75.     Age  relationships  of  minerals  from  metamorphic  zones  in  northern  Michigan. 


perature  of  300 °C,  where,  presumably, 
temperature-dependent  vacancies  begin  to 
control  the  diffusion  rate.  If  diffusion  in 
zircon  is  controlled  by  temperature-inde- 
pendent vacancies  up  to  500  °C,  it  becomes 
possible  to  remove  argon  from  biotite  with- 
out affecting  the  lead  content  of  the 
zircon  to  any  great  extent.  A  great  deal 
of  laboratory  work  must  be  done  in  order 
to  ascertain  whether  this  hypothesis  is 
correct.  In  any  event,  diffusion  phe- 
nomena can  account  for  a  large  number 


metamorphism  have  been  mapped  in  con- 
siderable detail  (James,  1955,  1958) .  Rocks 
were  collected  from  the  zones  about  one 
center,  the  Peavy  node,  in  Iron  and 
Dickinson  Counties,  where  a  relatively 
simple  pattern  of  metamorphism  has  been 
deduced  from  the  detailed  field  study.  The 
zonal  arrangement  has  been  indicated  on 
figure  75.  According  to  James,  the  zones 
show  no  clear  relation  to  the  regional 
structure  or  to  the  exposed  granitic  in- 
trusions. 
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Age  measurements  made  on  minerals  and  high  values.  These  divisions  reflect 
from  the  rocks  are  given  in  table  10,  ar-  the  magnitude  of  the  biotite  Rb-Sr  ages, 
ranged  according  to  increasing  age  within      the  low  area  showing  ages  less  than  1400 

TABLE  10.    Mineral  Ages  from  Iron  and  Dickinson  Counties,  Michigan,  and  Marinette 

County,  Wisconsin 


Rock 

Age 

,  million 

years 

No. 

Biotite 

Muscovite 

Microcline 

Rb/Sr 

K/Ar 

Rb/Sr 

K/Ar 

Rb/Sr 

Peavy  metamorphic  node 

Sillimanite  zone 

1 

Michigamme  slate 

1350 

1240 

1140 

1 

Pegmatite 
Staurolite  zone 

1290 

1100 

1670 

1280 

1650 

2 

Michigamme  slate 

1340 

1100 

3 

Sturgeon  quartzite 

2010 

1130 

4 

Black  Rock  pegmatite 

1350 

1240 

1680 
1880 

1630 
1350 

1900 

5 

Gneiss,  Black  Rock 

1370 

1280 

6 

Pink  Rock  pegmatite 

1420 

1220 

1850 

1510 

1710 

7 

Gneiss,  banded  gray 

1540 

1420 

8 

Michigamme  slate 

1490 

1360 

9 

Michigamme  slate 

1570 

1340 

1610 

1450 

10 

Granite  dike  in  11 

1570 

1580 

1650 

11 

Randville  dolomite 

1590 

1440 

1730 

1450 

12 

Granite  dike,  Vulcan  iron  formation 
Garnet  zone 

1620 

1570 

13 

Michigamme  slate 

1300 

1225 

14 

Lake  Mary  granite 

1370 

1330 

15 

Granite  bluffs  granite 

1110 

1150 

1570 

16 

Carney  Lake  gneiss 

1380 

1360 

2300 

17 

Michigamme  slate 
Biotite  zone 

1390 

1280 

18 

Little  Tobin  Lake  granite 

1290 

1160 

19 

Granite,  sheared 
Chlorite  zone 

2380 

20 

Crystal  falls  granite 

1420* 

1240 

21 

Michigamme  slate  (whole  rock) 
Republic  metamorphic  node 
Biotite  zone 

1210 1 

1440 

22 

Margeson  Creek  gneiss 
Florence  County  node 
Garnet  zone 

1590 

1370 

2900 

23 

Quartz  diorite 
Biotite  zone 

1350 

1370 

24 

Gneiss 

1350 

1230 

1500 

1350 

1520 

25 

Quinnesec  greenstone 

1350 

1340 

*  ±300. 
t±250. 


each    metamorphic    zone.     The    sample  m.y.,  and  the  high  area  more  than  1550 

numbers  correspond  to  the  location  num-  m.y.   The  intermediate  region  appears  to 

bers  of  figure  75.   On  this  map  the  ages  be   transitional.    The   K-Ar  ages  give   a 

are  indicated  as  areas  of  low,  intermediate,  similar  grouping. 
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Without  considering  the  results  indi- 
vidually, the  following  observations  are 
apparent:  (1)  The  measured  ages,  like 
the  metamorphic  zones,  show  no  clear  re- 
lation to  the  geology.  (2)  The  youngest 
biotite  ages  are  grouped  about  the  region 
of  highest  metamorphism.  (3)  The  oldest 
biotite  ages  are  farthest  away  from  the 
center  of  metamorphism,  although  within 
a  zone  of  high  metamorphism.  Indeed, 
the  biotite  ages  increase  from  west  to 
east  along  the  axis  of  the  node. 

Age  determinations  for  zircon  samples 


Michigamme  slate  is  at  least  1600  m.y. 
old,  the  Randville  dolomite  at  least  1750 
m.y.,  and  the  Sturgeon  quartzite  at  least 
as  old.  The  Dickinson  group  of  meta- 
volcanics  is  older  than  1750  m.y.  and  may 
be  older  than  2400  m.y. 

The  effect  of  periods  of  metamorphism 
is  to  lower  the  original  ages  of  the  miner- 
als, sometimes  only  slightly.  The  order  of 
increasing  susceptibility  to  change  in  ap- 
parent age  is  zircon  (Pb207-Pb206),  then 
microcline  (Rb-Sr)  and  muscovite,  and 
finally  biotite. 


TABLE  11.     Ages  of  Zircons  from  Michigan  and  Wisconsin 


Rock 

Age, 

million  years 

No. 

TJ238 

TJ235 

pb207 

'J,J1232 

pb206 

pb207 

Pb206 

pb208 

5 

16 
22 
23 

24 

Gneiss,  Black  Rock 
Carney  Lake  gneiss 
Margeson  Creek  gneiss 
Quartz  diorite 
Gneiss 

1710 
1735 

875 
1560 

815 

2100 
2160 

1240 
1695 
1085 

2510 
2590 
1970 
1830 
1690 

1300 
1240 
1220 
1610 
960 

separated  from  five  rocks  were  made,  two 
from  the  Peavy  node  and  the  others 
near  by.  The  complete  results  are  shown 
in  table  11.  The  Black  Rock  and  Carney 
Lake  zircons  are  included  among  the 
points  in  figure  72  and  are  about  2700  m.y. 
old  according  to  the  diffusion  hypothesis. 
The  quartz-diorite  zircon  appears  to  be 
younger.  In  fact,  the  U238/Pb206  and 
U235/Pb207  ratios  of  this  sample  lie  on 
discordia  for  the  1900-m.y.  minerals  shown 
in  figure  73.  The  other  two  zircons  are  so 
discordant  that  an  attempt  to  specify  their 
actual  ages  would  be  subject  to  a  large 
uncertainty. 

Some  conclusions  can  be  reached  on  the 
basis  of  all  the  ages  from  all  minerals.  In 
this  area  there  were  crystalline  rocks  be- 
fore a  time  2600  m.y.  ago.  Granites  and 
pegmatites  were  intruded  through  the 
crystalline  rocks  and  covering  sediments 
between  1800  and  2000  m.y.  ago.  Periods 
of  regional  metamorphism  occurred  at 
about  1100,  1400,  1900,  and  2700  m.y.  The 


Ages  of  Minerals  from  the  Karelian 
Basement  Complex  in  Finland 

In  attempting  to  decide  whether  the 
continents  have  grown  as  a  result  of  addi- 
tion of  materials  from  depth  during  suc- 
cessive orogenic  cycles,  age  determinations 
from  Precambrian  shields  will  play  a  vital 
role.  Of  the  ten  or  so  shield  areas  in  the 
world,  the  Fennoscandian  is  one  of  the 
most  thoroughly  studied  by  geologists.  It 
is  accordingly  a  favorable  area  in  which 
to  conduct  studies  in  Precambrian  geo- 
chronology. 

Two  orogenic  belts  are  recognized  in 
Finland,  the  Karelidic  and  the  Svecofen- 
nidic.  The  Karelidic  belt  extends  from 
Lake  Ladoga  to  Finnish  Lapland,  having 
a  north-northwest  trend.  The  Svecofen- 
nidic  belt  extends  across  southern  Finland 
with  a  generally  east-west  direction.  The 
earlier  studies  by  Kouvo  (1958)  showed 
that  zircon  and  biotite  from  granites  in 
these  belts  give  ages  of  1800  m.y.,  while 
one  zircon  from  the  basement  complex  in 
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the  Karelidic  zone  has  a  Pb207-Pb206  age 
of  2530  m.y.  Further  studies  on  the  ages  of 
minerals  from  the  basement  complex  have 
been  made  in  collaboration  with  O.  Kouvo, 
of  the  Outokumpu  Company,  Outo- 
kumpu,  Finland,  and  P.  W.  Gast,  of  the 
University  of  Minnesota.  The  samples 
studied  are  from  the  general  vicinity  of 
Joensuu,  about  400  kilometers  northeast  of 
Helsinki.  Table  12  gives  the  ages  ob- 
tained. The  gneisses  at  Heinavaara, 
Sotkuma,    and    Pieni    Neulamaki    form 


the  Baltimore  gneiss,  discussed  in  the 
last  two  reports  of  this  laboratory.  The 
Baltimore  gneiss  gives  nearly  concordant 
lead  ages  of  1000  to  1150  m.y.,  and  Rb-Sr 
ages  of  1100  m.y.  for  feldspar  and  biotite 
ages  of  300  m.y.  These  ages  are  believed 
to  result  from  the  effects  of  Paleozoic 
metamorphism  during  the  Appalachian 
orogeny  on  an  older  basement  that  now 
has  an  age  of  1100  m.y.  By  analogy,  it 
appears  that  the  Karelian  basement  com- 
plex has  an  age  of  2600  to  2800  m.y.  and 


TABLE  12.    Mineral  Ages  from  the  Karelian  Basement  Complex 


Mineral 

Age,  million  years 

Rock 

Rb87 
Sr87 

K40 
Ar40 

TJ238 

TJ235 

Pb207 

*pn232 

Pb206 

Pb207 

Pb206 

pj-,208 

Matasvaara,  gneiss 

Biotite 

1775 

1730 

Feldspar 
Zircon 

2410 

2520 

2660 

2770 

2750 

Huhtilampi,  gneiss 

Biotite 
Zircon 

1970 

1820 

2240 

2640 

1815 

Huhtilampi,  granite 

Muscovite 

2610 

Koli,  gneiss 

Zircon 

1890 

2270 

2650 

1790 

Heinavaara,  gneiss 

Biotite 

1785 

1740 

Feldspar 
Zircon 

2580 

2250 

2440 

2620 

1275 

Sotkuma,  gneiss 

Biotite 

1760 

1740 

Feldspar 
Zircon 

2090 

1810 

2150 

2470 

1760 

Pieni  Neulamaki,  gneiss 

Biotite 

1800 

1760 

Pielavesi,  pyroxene  granite 

Biotite 

1760 

1730 

domes  that  protrude  through  the  sedi- 
ments; the  remainder  of  the  samples  are 
from  the  basement  complex  to  the  east. 

The  U-Pb  ages  of  the  zircons  in  table  12 
have  been  plotted  on  the  concordia  dia- 
gram of  figure  72.  As  was  mentioned  in 
the  discussion,  their  age  appears  to  be  2700 
to  2800  m.y.  and  their  discordant  ages  are 
to  be  associated  with  loss  of  lead  by  con- 
tinuous diffusion.  There  is  little  evidence 
for  episodic  loss  of  lead  1800  m.y.  ago,  the 
age  given  by  the  biotites.  The  feldspar 
age  is  invariably  greater  than  that  of  bio- 
tite in  the  same  rock,  that  at  Heinavaara 
approaching  the  zircon  age.  These  observa- 
tions are  quite  similar  to  those  made  on 


that  it  was  metamorphosed  1800  to  1900 
m.y.  ago  during  the  Karelian  orogeny. 
The  biotite  ages  of  1800  m.y.  appear  to 
be  closely  related  to  the  age  of  1900  m.y. 
found  for  the  White  Sea  pegmatites  (fig. 
73). 

An  attempt  was  made  to  establish  the 
presence  of  2600-  to  2800-m.y.  ages  in 
southwestern  Finland.  At  Lavia,  about  50 
kilometers  west  of  Tampere,  a  granodio- 
rite  occurs  which  is  thought  by  some  geol- 
ogists to  represent  basement  rock.  Zircon 
gave  the  following  ages:  U238/Pb206,  1620 
m.y.;  U235/Pb207,  1730  m.y.;  Pb207/Pb206, 
1850  m.y.;  Th232/Pb208,  2050  m.y.  If  the 
granodiorite  is  basement,  it  is   probably 


156        CARNEGIE  INSTITUTION  OF  WASHINGTON 


younger  than  2600  m.y.  Basement  rock  has 
not  been  recognized  in  the  Svecofennidic 
zone. 

Mineral  Ages  of  1000  Million  Years  from 
Eastern  United  States  and  Canada 

In  reports  of  the  past  two  years  it  has 
been  shown  that  minerals  with  ages  of  ap- 
proximately 1000  m.y.  are  found  in  rocks 
of  the  basement  complex  of  the  Appala- 
chian orogenic  belt  from  the  Catskill 
Mountains  in  New  York  to  North  Caro- 


Pb206  ages  of  1000  m.y.  have  been  measured 
at  the  University  of  Toronto  at  localities 
that  are  not  included  in  the  table.  Table  14 
gives  mica  age  values  from  work  at  the 
Carnegie  Institution.  The  sample  loca- 
tions are  given  in  figure  76,  the  numbers 
in  the  figure  corresponding  to  the  sample 
numbers  in  tables  13  and  14.  The  dashed 
line  in  figure  76  gives  the  inferred  western 
boundary  of  the  1000-m.y.  ages  as  estimated 
by  Bass  from  petrographic  data.  These  re- 
sults define  an  area  comparable  to  that 


TABLE  13.    Minerals  from  Eastern  United  States  and  Canada  Having  Lead  Ages  of 

about  1000  M.Y. 


No. 


Location 


Age,  million  years 

Mineral 

TJ238 

JJ235 

Pb207 

'J,J1232 

Pb206 

Pb207 

Pb206 

Pb208 

Uraninite 

750 

780 

830 

800 

Uraninite 

995 

995 

995 

895 

Zircon 

1040 

1060 

1090 

390 

Zircon 

940 

960 

1015 

Uraninite 

1040 

1060 

1090 

1010 

Uraninite 

1020 

1020 

1020 

995 

Zircon 

900 

930 

1000 

990 

Cleveite 

865 

885 

925 

Zircon 

1025 

1065 

1140 

Zircon 

960 

990 

1060 

850 

Zircon 

1140 

1150 

1170 

1030 

Zircon 

1010 

1050 

1120 

950 

Zircon 

1040 

1070 

1120 

940 

Zircon 

960 

1020 

1120 

1100 

Zircon 

1070 

1100 

1150 

1110 

Zircon 

990 

1010 

1055 

1000 

2  Henvey  Township,  Ont.,  Besner  Mine 

3  Conger  Township,  Parry  Sound,  Ont. 

4  Tory  Hill,  Ont.,  granite 

4  Tory  Hill,  Ont.,  syenite 

5  Wilberforce,  Ont.,  Fission  Mine 

5  Wilberforce,  Ont.,  Cardiff  Uranium  Mine 

5  Wilberforce,  Ont.,  Cardiff  Uranium  Mine 

6  Pieds  des  Monts,  Quebec 

7  Natural  Bridge,  N.  Y.,  contact  zone 

8  Bear  Mt.,  N.  Y.,  Storm  King  granite 
8  Bear  Mt.,  N.  Y.,  Canada  Hill  gneiss 

10  Philadelphia,  Pa.,  Baltimore  gneiss 

11  Baltimore,  Md.,  Baltimore  gneiss 

11  Baltimore,  Md.,  Baltimore  gneiss 

12  Shenandoah  Natl.  Park,  Va.,  gneiss 

13  Blowing  Rock,  N.  C,  gneiss 


lina.  This  age  has  also  been  established  in 
the  Grenville  subprovince  of  southern  On- 
tario by  some  of  the  earliest  work  in  geo- 
chronology.  The  geographic  extent  of 
rocks  of  this  age  has  been  enlarged  by 
measurements  on  micas  from  drill  holes 
west  of  the  Appalachian  Mountains.  A 
summary  of  pertinent  age  values  is  given 
in  tables  13  and  14.  Table  13  gives  only 
those  lead  ages  for  which  the  U238-Pb206 
and  Pb207-Pb206  values  agree  within  ap- 
proximately 10  per  cent.  It  includes  results 
taken  from  the  work  of  Nier  and  Wasser- 
burg  in  addition  to  work  done  at  the  Car- 
negie Institution  of  Washington.    Pb207- 


defined  by  the  1300-  to  1400-m.y.  ages  in 
western  United  States  (Aldrich,  Wetherill, 
and  Davis,  1957)  and  by  1800-  to  1900-m.y. 
ages  in  Finland  and  Karelia. 

Other  Age  Wor\ 

North  Carolina.  It  was  shown  in  Year 
Book  59  that  discordant  U-Pb  ages  of  four 
zircons  from  western  North  Carolina  and 
eastern  Tennessee  indicate  that  the  min- 
erals have  an  age  of  about  1000  m.y.  and 
lost  lead  about  350  m.y.  ago.  A  zircon  giv- 
ing a  nearly  concordant  age  of  1100  m.y. 
has  been  found  in  the  Blowing  Rock 
gneiss  (table  13) .  This  finding  strengthens 


GEOPHYSICAL  LABORATORY        157 


TABLE  14.    Micas  from  Eastern  United  States  and  Canada  Having  Ages  of  about  1000  M.Y. 


No. 


Location 


Age, 

million  years 

Mineral 

Rb87 

K40 

Sr87 

Ar40 

Biotite 

1070 

990 

Biotite 

1000 

920 

Biotite 

1030 

960 

Biotite 

930 

840 

Biotite 

880 

780 

Biotite 

900 

790 

Biotite 

840 

630 

Biotite 

880 

800 

Biotite 

890 

770 

Biotite 

870 

Biotite 

940 

Muscovite 

980 

Biotite 

930 

Biotite 

950 

Muscovite 

950 

Biotite 

920 

Biotite 

940 

Biotite 

950 

Biotite 

970 

Biotite 

890 

Biotite 

950 

1  Wavy  Lake,  Ont.,  granite 

5  Wilberforce,  Ont.,  Fission  Mine 

5  Wilberforce,  Ont.,  Cardiff  Uranium  Mine 

8  Bear  Mt.,  N.  Y.,  Storm  King  granite 

8  Bear  Mt.,  N.  Y.,  Canada  Hill  gneiss 

9  Hibernia,  N.  J.,  dark  gneiss 
9  Hibernia,  N.  J.,  light  gneiss 

12  Shenandoah  Natl.  Park,  Va.,  gneiss 

14  Pardee  Pt.,  Tenn.,  Cranberry  gneiss 

15  Parkersburg,  W.  Va. 

16  Fayette  Co.,  Ohio 

16  Fayette  Co.,  Ohio 

17  Delaware  Co.,  Ohio 

18  Huron  Co.,  Ohio 

19  Sandusky  Co.,  Ohio 

20  Wood  Co.,  Ohio 

21  Washtenaw  Co.,  Mich. 

21  Washtenaw  Co.,  Mich. 

22  St.  Claire  Co.,  Mich. 


the  previous  conclusion  that  there  was  crys- 
tallization of  minerals  in  this  area  1000  to 
1100  m.y.  ago.  All  five  zircon  ages  fit  best 
a  1100-  to  400-m.y.  chord  on  a  concordia 
diagram.  This  fact  is  not  consistent  with 
a  diffusion  mechanism  of  the  kind  dis- 


Fig.  76.    Location  of   lOOO-m.y.-old  minerals 
in  the  eastern  United  States  and  Canada. 


cussed  above  for  loss  of  lead.  The  results 
are  likely  due  to  the  effects  of  episodic  loss 
of  lead  400  m.y.  ago  superimposed  on  addi- 
tional loss  by  continuous  diffusion. 

Maryland.  Previous  work  on  rocks 
from  the  Washington-Baltimore  area  has 
established  a  Precambrian  metamorphism 
about  1100  m.y.  ago.  Additional  age  de- 
terminations on  granites  and  pegmatites 
of  Appalachian  age  have  given  values  of 
350  to  450  m.y.  for  muscovite,  feldspar,  and 
zircon.  Biotite  has  consistently  given  a 
lower  Rb-Sr  age  of  300  m.y.  The  sig- 
nificance of  this  age  is  yet  to  be  explained. 
The  pegmatite  and  granite  ages  were  ob- 
tained on  acidic  rocks  that  are  late  in  the 
sequence  of  igneous  intrusion.  A  new  de- 
termination has  been  made  on  zircon  from 
a  tonalite,  a  more  basic  rock  believed  to  be 
an  early  member  of  the  igneous  series.  The 
ages  given  in  table  15  show  that  the  zircon 
has  a  probable  age  of  at  least  500  m.y.  The 
U238-Pb206  is  generally  a  minimum  age, 
owing  to  some  loss  of  lead,  either  by  con- 
tinuous diffusion  or  by  some  other  means. 
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The  age  of  the  tonalite  zircon,  which  is 
substantially  greater  than  the  ages  obtained 
on  the  late  granites,  indicates  that  in  this 
instance,  at  least,  it  is  possible  to  measure 
a  time  difference  between  the  early  and 
late  members  of  an  igneous  sequence  in  an 
orogenic  belt. 

Ontario.    The  search  for  very  old  rocks 
in  the  Canadian  Shield  has  been  stimulated 


diffusion,  as  explained  earlier,  the  very  old 
age  result  of  about  3800  m.y.  was  derived. 
In  other  words,  if  the  loss  of  lead  was  due 
only  to  diffusion  with  a  constant  value  of 
the  diffusion  coefficient,  this  age  is  required 
in  order  to  make  the  D/ar  values  equal  for 
Pb206  and  Pb207.  Additional  analyses  should 
establish  whether  this  interpretation  is  cor- 
rect. 


TABLE  15.    Additional  Zircon  Ages 


Source 

Age,] 

million 

years 

Location 

JJ238 

TJ235 

Pb207 

^^232 

p^206 

Pb207 

pj-,206 

Pb208 

Silver  Spring,  Md. 
Rainy  Lake,  Ont. 

Tonalite 
Coutchiching 
metasediments 

495 
1140 

510 
1830 

570  ±50 
2760 

485 
1240 

by  the  analysis  of  a  zircon  sample,  collected 
and  concentrated  by  S.  S.  Goldich  at  the 
University  of  Minnesota  from  Coutchi- 
ching metasediments  from  Rice  Bay,  Rainy 
Lake,  Ontario.  These  sediments  have  been 
intruded  by  2600-m.y.-old  granitic  rocks 
and  are  therefore  older.  Although  the 
zircon  is  from  a  metasediment,  it  was 
hoped  that  some  indication  of  the  time  of 
crystallization  might  remain  in  the  age 
pattern.  A  nearly  homogeneous-appearing 
purified  fraction  was  analyzed  with  the 
results  shown  in  table  15.  The  age  pattern 
is  very  discordant,  with  the  Pb207-Pb206  age 
of  2760  m.y.  probably  a  minimum  value. 
When  the  age  pattern  was  examined  from 
the  point  of  view  of  loss  of  lead  by  solid 
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THE  BIOGEOCHEMISTRY  OF  THE  STABLE  ISOTOPES  OF  CARBON 


P.  H.  Abelson 

When  inorganic  carbon  is  converted  into 
living  matter,  the  light  isotope  of  carbon 
tends  to  be  preferentially  fixed.  Organic 
carbon  thus  has  a  lower  ratio  of  C13  to  C12 
than  the  carbonate  or  carbon  dioxide  of  the 
inorganic  environment.  This  effect  was 
first  noticed  by  Nier,  and  extensive  studies 
of  recent  and  ancient  organic  matter  have 
been  conducted  by  a  number  of  workers 


and  T.  C.  Hoering 

including  Craig,  Epstein,  and  Wickman. 
Many  fundamental  questions  can  be 
asked.  Is  this  isotope  fractionation  charac- 
teristic of  all  living  matter?  Has  it  been 
constant  throughout  geologic  time?  Are 
there  any  significant  differences  in  isotope 
abundances  among  specific  compounds, 
and,  if  such  differences  exist,  can  they  be 
related  to  known  biochemical  processes? 
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How  will  the  C13/C12  ratio  be  changed 
during  the  decomposition  of  organic  mat- 
ter over  long  periods  of  time? 

Answers  to  these  questions  might  pro- 
vide information  of  interest  to  a  number 
of  areas,  including  organic  geochemistry, 
biochemical  evolution,  comparative  bio- 
chemistry, and  particularly  biosynthesis 
and  photosynthesis. 

Research  has  been  begun  in  this  labora- 
tory to  examine  the  distribution  of  the 
stable  isotopes  of  carbon  at  the  macro- 
scopic and  at  the  molecular  level  in  se- 
lected biological  systems.  The  isotopic 
composition  of  the  carbon  in  the  amino 
acids  isolated  from  cultures  of  photosyn- 
thetic  microorganisms  grown  in  the  labo- 
ratory has  been  investigated.  The  major 
effort  has  been  devoted  to  the  green  alga 
Chlorella  pyrenoidosa,  which  can  be 
grown  on  a  completely  inorganic  medium 
with  the  sole  source  of  carbon  the  carbon 
dioxide  fed  to  the  system.  Thus  any  iso- 
tope fractionation  can  be  related  to  that  of 
the  starting  material.  This  organism  has 
been  used  extensively  in  experimental  in- 
vestigations of  photosynthesis,  and  algae 
of  this  type  may  be  important  geochemi- 
cally.  The  amino  acids  were  chosen  be- 
cause of  their  biochemical  importance  and 
because  excellent  methods  for  their  quanti- 
tative isolation  exist. 

A  typical  experiment  consists  of  (1)  cul- 
turing  the  algae,  (2)  hydrolyzing  the  pro- 
tein formed,  (3)  separating  pure  amino 
acids  by  ion-exchange  chromatography, 
(4)  combusting  a  portion  of  the  amino 
acids  to  carbon  dioxide,  (5)  decarboxylat- 
ing  a  portion  of  the  amino  acids  with  nin- 
hydrin  and  purifying  the  liberated  carbon 
dioxide,  (6)  performing  an  isotopic  analy- 
sis on  the  carbon  dioxide  with  the  mass 
spectrometer. 

A  solution  containing  KN03,  MgS04, 
KH2PO4,  and  trace  metals  was  inoculated 
with  Chlorella  pyrenoidosa  (ATTC  11469) 
and  fed  5  per  cent  carbon  dioxide  and  95 
per  cent  air  while  being  agitated  under 
constant  illumination.   After  the  cultures 


had  grown  to  suitable  densities  the  cells 
were  harvested  by  centrifugation. 

Lipides  were  removed  by  Soxhlet  extrac- 
tion with  acetone,  after  which  the  residue 
was  treated  with  hot  trichloroacetic  acid 
for  30  minutes  to  remove  most  of  the  car- 
bohydrate. The  residual  protein  was  hy- 
drolyzed  with  6  N  HC1  for  18  hours.  A 
mixture  of  Cl4-tagged  amino  acids  of  high 
specific  activity  was  added,  and  the  solu- 
tion was  dried  in  vacuo.  The  amino  acids 
were  separated  by  resin  chromatography 
using  an  adaptation  of  methods  devised  by 
Stein  and  Moore.  The  tagged  amino  acids 
aided  materially  in  rapid  determination  of 
elution  curves.  Purity  of  all  eluates  was 
checked  by  paper  chromatography.  After 
being  dried  in  vacuo  the  pure  amino  acids 
were  split  into  two  fractions.  One  sample 
was  combusted  completely  to  carbon  diox- 
ide for  isotopic  analysis.  The  other  was 
treated  with  an  excess  of  ninhydrin,  and 
the  carbon  dioxide  from  the  decarboxyla- 
tion of  the  amino  acids  was  collected  by 
sweeping  it  into  a  trap  cooled  with  liquid 
nitrogen.  With  a  knowledge  of  the  isotopic 
composition  of  the  total  molecule  and  of 
the  carboxyl  group,  the  isotopic  composi- 
tion of  the  remainder  of  the  molecule  can 
be  calculated. 

The  magnitude  of  the  observed  varia- 
tions in  the  isotope  ratios  as  compared  with 
a  completely  random  distribution  is  ex- 
pressed in  units  of  parts  per  thousand  (per 
mil)  difference  in  the  C13/C12  ratio  com- 
pared with  an  arbitrary  standard  substance : 

The  carbon  isotope  standard  is  Solenhofen 
Limestone,  NBS  Isotope  Reference  Stand- 
ard 20.  Since  the  effects  are  relatively 
small,  stringent  requirements  are  placed 
on  the  analytical  methods  and  a  consider- 
able effort  has  been  expended  in  develop- 
ing them  to  yield  the  desired  precision. 

This  procedure  was  applied  to  a  culture 
of  Chlorella  pyrenoidosa  with  the  results 
shown  in  table  16.  For  comparison,  results 
are  given  for  the  amino  acids  from  a  cul- 
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TABLE  16.    The  Isotopic  Composition  of  the  Carbon  in  Amino  Acids 


Chlorella  Scenedesmus      ^i  .•  n     „/ 

. ,  r  •        7         Cnromatium  Forphyra 

pyrenoiaosa        quadricauda 


Tank  C02  0.0  0.0  0.0 

Total  organic 

carbon  -18.9  -17.0 

Glutamic  acid 

Total 

Carboxyl 

Remainder 
Aspartic  acid 

Total 

Carboxyl  f 

Remainder 
Leucine 

Total 

Carboxyl 

Remainder 
Tyrosine 

Total 

Carboxyl 

Remainder 
Valine 

Total 

Carboxyl 

Remainder 
Arginine 

Total 

Carboxyl 

Remainder 
Lysine 

Total 

Carboxyl 

Remainder 
Serine 

Total 

Carboxyl 

Remainder 
Threonine 

Total 

Carboxyl 

Remainder 
Glycine 

Total 

Carboxyl 

Remainder 
Alanine 

Total 

Carboxyl 

Remainder 
Isoleucine 

Total 

Carboxyl 

Remainder 


-18.7 

-8.8 

-21.2 

-22.6 

-5.6 

-26.6 

-15.6 

+  2.2 

-20.1 

-22.0 
-10.9 

-24.7 

-6.6 

+  2.2 

-15.6 

-12.3 

-0.8 

-24.3 

-21.8 
-15.9 

-27.6 

-18.2 
-8.1 

-28.7 

-22.7 
—16.3 
-26.0 

-21.4 
-17.8 
-22.2 

-23.5 

-22.5 
-23.7 

-24.1 
-26.3 
-23.7 

-19.8 

+  4.1 

-22.8 

-20.3 
-12.4 
-22.3 

-19.2 

-2.6 

-22.6 

-17.0 

+  2.5 

-20.9 

-5.7 
+  2.5 
-9.9 

-6.6 
-2.9 
-8.4 

-14.5 

-0.5 

-19.2 

-14.3 

-5.3 

-23.3 

-14.7 
-11.8 
-17.5 

-10.3 

-7.3 

-11.8 

-18.2 
-13.5 
-20.5 

-24.1 
-26.3 
-23.1 

-19.6 

-7.4 

-22.0 

-16.1 
-13.1 

-17.7 

*  SC13  of  inorganic  carbon  in  oceans  (Craig)  is  —0.4  per  mil. 
f  Both  carboxyl  groups. 


GEOPHYSICAL  LABORATORY        161 


ture  of  Scenedesmus  quadricauda  donated 
by  Dr.  R.  W.  Krauss  of  the  University  of 
Maryland,  a  culture  of  the  anaerobic,  pho- 
tosynthetic bacterium  Chromatium  donated 
by  Dr.  Martin  Kamen  of  Brandeis  Uni- 
versity, and  the  marine  alga  Porphyra  col- 
lected from  the  Gulf  of  Mexico  by  Dr. 
P.  L.  Parker  of  the  University  of  Texas. 

Arginine  was  isolated  from  Chlorella 
pyrenoidosa  raised  in  a  mass  culture  and 
split  into  urea  and  ornithine  by  the  enzyme 
arginase.  The  urea  and  ornithine  was  iso- 
lated by  ion-exchange  chromatography  and 
combusted  to  carbon  dioxide  for  isotopic 
analysis.  The  results  are  shown  in  table  17. 

TABLE  17.  The  Isotopic  Composition  of  the 
Urea  and  Ornithine  Fractions  from  Aspartic 
Acid  Isolated  from  Cultures  of  Chlorella 
pyrenoidosa 


Fraction 


SC13  per  mil 


Tank  C02 

0.0 

Total  organic  carbon 

-15.8 

Urea  fraction 

+7.1 

Ornithine  fraction 

-15.2 

The  data  of  tables  16  and  17  show  that 
marked  differences  in  the  C13/C12  ratio 
exist  from  compound  to  compound  and 
even  from  carbon  atom  to  carbon  atom  in 
a  living  system.  Some  of  the  amino  acids 
such  as  leucine  have  isotope  ratios  closely 
similar  to  those  of  the  lipides.  Others  such 
as  serine  are  characterized  by  ratios  much 
more  nearly  like  that  of  input  carbon  di- 
oxide. For  the  most  part  the  carboxyl 
carbons  were  heavier  than  the  remainder 
of  the  carbon  chains  of  the  amino  acids. 

At  least  some  of  these  observations  are 
consistent  with  a  broadly  occurring  bio- 
chemical pattern.  Thus,  the  values  ob- 
tained in  studies  of  aspartic  acid,  glutamic 
acid,  and  arginine  may  be  rationalized  in 
the  light  of  observations  that  have  been 
made  on  a  number  of  nonphotosynthetic 
organisms. 

In  the  study  of  the  uptake  of  C1402  by 
several  microorganisms,  Roberts,  Abelson, 
Cowie,   Bolton,   and   Britten   found   that 


there  was  a  direct  incorporation  of  carbon 
dioxide  into  the  carboxyl  group  of  glu- 
tamic and  aspartic  acids  and  into  the  guani- 
dine  group  of  arginine.  Others  have  dem- 
onstrated similar  incorporation  of  C1402 
into  the  same  amino  acids  of  a  number 
of  heterotrophic  microorganisms,  and  yet 
others  have  found  similar  incorporation  in 
metazoans,  including  the  vertebrates.  It 
would  appear  that  such  incorporation  of 
carbon  dioxide  from  the  medium  may  be 
a  general  biological  phenomenon.  Al- 
though the  specific  activity  of  C14  in  as- 
partic acid  was  not  identical  to  that  of 
glutamic  acid  in  E.  coli,  a  common  point 
of  entry  of  C1402  into  the  biological  sys- 
tem was  specified  for  the  radioactivity  ap- 
pearing in  the  two  amino  acids,  namely 
condensation  of  carbon  dioxide  with  pyru- 
vate and  subsequent  utilization  in  syn- 
thesis via  a  Krebs  cycle.  Our  current  ob- 
servations on  the  photosynthetic  organisms 
are  consistent  with  the  view  that  a  similar 
situation  holds  for  Chlorella  and  probably 
other  photosynthetic  organisms.  The  non- 
carboxyl  part  of  aspartic  and  glutamic  acids 
has  a  C13/C12  ratio  closely  similar  to  that 
of  the  lipides,  and  the  situation  is  sugges- 
tive that  all  this  carbon  was  fixed  origi- 
nally by  the  same  processes. 

Another  possible  similarity  of  the  syn- 
thetic mechanisms  of  Chlorella  to  those  of 
other  organisms  is  in  the  formation  of  ar- 
ginine. In  E.  coli  it  is  known  that  the  five- 
carbon  ornithine  moiety  of  arginine  is  de- 
rived from  glutamic  acid  and  that  the 
a-carboxyl  carbon  of  these  two  substances 
has  an  identical  origin.  Isotope  values  in- 
dicate that  a  similar  situation  prevails  in 
Chlorella.  Thus,  the  ratios  of  the  corre- 
sponding a-carboxyl  carbons  are  alike  and 
those  of  the  remainder  of  the  five-carbon 
moieties  are  in  agreement. 

The  origin  of  the  guanidino  carbon  of 
arginine  is  an  interesting  topic.  In  C14 
studies  of  E.  coli  this  atom  had  a  high  spe- 
cific activity,  and  it  seemed  obvious  that 
the  C1402  tagging  this  carbon  was  in- 
corporated directly  from  the  medium  and 
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by  a  path  different  from  that  involved  in 
the  Krebs  cycle.  The  values  noted  for  the 
guanidino  carbon  fixed  by  photosynthetic 
organisms  are  particularly  significant  in 
the  light  of  this  observation.  The  C13/C12 
ratio  of  this  carbon  differs  markedly  from 
that  of  any  carbon  we  have  examined.  On 
the  other  hand,  it  will  be  noted  in  experi- 
ments described  below  that  this  isotope 
abundance  in  Chlorella  corresponds  to  that 
of  a  metabolic  pool  found  in  this  organism. 

Thus,  we  see  that  the  results  obtained  by 
examining  the  C13/C12  ratios  of  aspartic 
acid,  glutamic  acid,  and  arginine  of  Chlo- 
rella are  readily  interpretable  in  terms  of 
comparative  biochemistry.  It  is  well  es- 
tablished that  living  systems  have  invented 
only  a  limited  number  of  pathways,  and 
these  have  broad  general  application.  The 
weight  of  previous  experience  in  compara- 
tive biochemistry  constitutes  a  powerful 
argument  that  the  synthetic  pathways  of 
the  three  amino  acids  in  Chlorella  are  in- 
deed similar  to  those  in  E.  coli  and  other 
organisms. 

If  this  point  of  view  is  accepted,  another 
consequence  follows :  that  there  are  at  least 
three  pathways  by  which  carbon  dioxide  is 
incorporated  into  Chlorella.  These  are  the 
condensation  of  carbon  dioxide  with  ribu- 
lose  diphosphate,  a  pathway  described  by 
Calvin,  the  Krebs  cycle  pathway  earlier 
suggested  by  Van  Niel  and  Warburg,  and 
that  leading  to  the  guanidino  carbon  of 
arginine.  Actually  there  probably  are 
more.  Experience  with  E.  coli  suggests  the 
possibility  of  two  other  pathways  involved 
in  the  synthesis  of  purines  and  pyrimidines. 
At  present  we  have  no  evidence  bearing 
on  this  in  Chlorella.  A  further  possibility 
stems  from  our  observations  on  the  car- 
boxyl  groups  of  other  amino  acids,  e.g. 
tyrosine,  threonine,  alanine.  These  have 
isotope  ratios  which  differ  from  those  of  a 
lipide.  The  values  observed  in  the  serine 
chain  are  also  noteworthy.  Taken  to- 
gether these  observations  suggest  that  at 
least  one  further  mechanism  for  carbon 
dioxide  fixation  is  operative.  Such  a  mecha- 


nism does  not  have  a  known  counterpart 
in  nonphotosynthesizing  organisms. 

From  the  over-all  picture  of  these  iso- 
tope ratios  one  can  make  a  further  inter- 
esting suggestion  about  quantitative  as- 
pects of  the  various  pathways  of  carbon 
dioxide  fixation.  If  we  assume  that  the  iso- 
tope abundance  found  in  lipides  or  in  the 
noncarboxyl  part  of  aspartic  or  glutamic 
acids  is  characteristic  of  the  carbohydrate 
part  of  carbon  dioxide  fixation,  we  can 
conclude  that  a  considerable  fraction  of 
the  carbon  fixed  in  Chlorella  is  incorpo- 
rated by  pathways  other  than  those  or- 
dinarily considered  to  be  photosynthetic. 

There  are  many  possibilities  for  intro- 
ducing isotope  fractionation  in  the  separa- 
tion and  analysis  of  a  complex  mixture, 
such  as  the  one  under  investigation.  Studies 
have  been  carried  out  to  examine  the  pre- 
cision of  the  isotope  measurements  for  a 
number  of  steps  of  the  procedure.  The 
combustion  and  isotopic  analysis  of  pure 
sucrose,  pure  alanine,  and  pure  glutamic 
acid  can  be  carried  out  with  a  reproduci- 
bility of  =t  0.1  per  mil.  In  the  over-all 
reaction  for  the  decarboxylation  of  a-amino 
acids  of  ninhydrin,  there  is  a  rupture  of 
a  carbon-to-carbon  bond.  Thus  a  kinetic 
isotope  effect  is  possible.  The  ratio  of  the 
rates  of  decarboxylating  the  C12  and  C13 
carboxyl  groups  of  alanine  and  glutamic 
acid  was  studied  by  carrying  out  the  reac- 
tion to  only  2  per  cent  of  completion  and 
comparing  this  carbon  dioxide  with  that 
obtained  by  100  per  cent  reaction.  The 
reproducibility  of  the  total  decarboxylation 
reaction  was  also  studied.  The  results  of 
these  experiments  are  shown  in  table  18. 

There  is  a  possibility  that  carbon  isotope 
fractionation  can  be  produced  by  incom- 
plete recovery  of  the  fractions  of  amino 
acids  as  they  are  eluted  from  the  ion-ex- 
change resins.  This  was  studied  by  mak- 
ing an  isotope  analysis  of  different  "cuts" 
of  amino  acid  fractions.  The  process  was 
monitored  by  following  the  C14  radioac- 
tivity from  the  added  hydrolysate  of  algae 
grown    with    C1402.     These    results    are 
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TABLE  18.     The  Isotope  Effect  and  the  Reproducibility  of  Decarboxylating  Amino  Acids 

with  Ninhydrin 

Alanine  Decarboxylation 
C9H604  +  CH3CHNH2C12OOH  ->  C1 202  +  products 

C9H604  +  CH3CHNH2C13OOH  -»  C1302  +  products 
*i2/*i3  =  0.999  at  100°C 

Glutamic  Acid  Decarboxylation 
C9H604  +  COOH(CH2)  2CHNH2C12OOH  -5  C1202  +  products 

C9H604  +  COOH(CH2)  2CHNH2C13OOH  -5  C1302 + products 

W*is  =  1-0078  at  100°C 

Reproducibility  of  Total  Decarboxylation 
Carboxyl  Group  of  Alanine  Carboxyl  Group  of  Glutamic  Acid 


Trial 

1 
2 
3 
4 
5 
6 


SC13 
0.6 
2.5 
3.0 
1.3 
1.0 
2.6 


Trial 

1 
2 
3 


SC13 

3.1 
1.5 
2.6 


shown  in  table  19.  It  is  difficult  at  this 
stage  to  make  estimates  of  the  magnitude 
of  the  errors  to  be  attached  to  the  measure- 
ments listed  in  table  16.  Early  replicates 
showed  discouragingly  large  errors,  but 
there  is  reason  to  think  that  eventually 
they  can  be  reduced  to  about  1  per  mil  for 
each  measurement. 
The  isotopic  composition  of  the  respired 


carbon  dioxide  from  Chlorella  was  studied 
as  follows.  Cultures  of  Chlorella  were 
grown  to  a  suitable  density  using  carbon 
dioxide  as  the  source  of  carbon.  Then  the 
light  was  shut  off  from  the  culture  and 
the  system  swept  with  carbon  dioxide-free 
air.  After  the  initial  excess  of  dissolved 
carbon  dioxide  was  swept  out,  fractions 
were  collected  in  a  liquid-air-cooled  trap, 


TABLE  19.    Isotope  Effects  in  the  Elution  of  Amino  Acids  from  Ion-Exchange  Columns 


Amino  Acid 

Resin 

Eluent 

%  Eluted 

SC13 

Total  phenylalanine 

Dowex  50 

6  M  HC1 

0-20 
20-80 
80-100 

-8.1 

-11.5 

-3.3 

Total  alanine 

Dowex  50 

2  M  HC1 

0-10 
10-90 
90-100 

-3.4 
-1.5 
-4.0 

Total  glutamic 

Dowex  1 

0.5  M  HAc 

0-8 
8-84 
84-100 

+  24.2 

-2.2 

-29.6 

Carboxyl  of  glutamic 

Dowex  1 

0.5  M  HAc 

0-8 
8-84 
84-100 

+  16.3 

-0.3 

-16.6 
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the  volume  of  gas  was  measured,  and  an 
isotopic  analysis  was  made.  Results  of  a 
typical  experiment  are  shown  in  figure  77. 
The  points  are  plotted  in  the  middle  of  the 
time  interval  in  which  samples  were  col- 
lected. 

In  other  experiments,  cultures  of  Chlo- 
rella  were  centrifuged  and  the  cell  bodies 
treated  with  either  0.5  N  H2S04  or  0.015  M 
KHF2.  The  liberated  carbon  dioxide  was 
swept  into  a  cold  trap  chilled  with  liquid 
air  by  a  stream  of  carbon  dioxide-free 
nitrogen.  The  volume  of  the  gas  was  meas- 
ured and  an  isotopic  analysis  made.  It 
was  observed  that  the  respired  and  chemi- 
cally liberated  carbon  dioxide  had  an  oxy- 
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Fig.  77.  C13  content  of  respired  carbon  di- 
oxide. 

gen  isotopic  composition  similar  to  that  in 
carbon  dioxide  brought  to  isotopic  equi- 
librium with  the  water  in  the  medium  in 
which  the  culture  was  grown.  This  indi- 
cates that  there  are  ample  opportunities  for 
carbon  dioxide  inside  the  cells  to  exchange 
its  oxygen  with  water.  The  carbon  isotope 
ratio  in  the  chemically  liberated  carbon 
dioxide  was  similar  to  that  in  initial  phases 
of  respiration,  slightly  enriched  in  C13  com- 
pared with  the  feed  carbon  dioxide. 

The  results  of  the  respiration  experi- 
ments were  somewhat  unexpected.  In 
them,  Chlorella  of  SC13  of  —21  growing 
on  tank  carbon  dioxide  of  SC13  equal  to 
zero  were  respiring  carbon  dioxide  with 
hC13  equal  to  6.  One  possibility  is  that  the 
initially  respired  carbon  dioxide,  as  well  as 
the  chemically  liberated  carbon  dioxide, 
represents  part  of  a  "reservoir"  of  inor- 


ganic carbon  within  the  cell  wall  of  the 
Chlorella.  This  carbon  has  been  partially 
stripped  of  C12  by  the  photosynthesis  re- 
action which  leads  to  carbohydrate  de- 
pleted in  C13  relative  to  the  feed  carbon 
dioxide,  and  the  remainder  of  the  carbon 
is  correspondingly  enriched  in  C13. 

The  isotope  separation  between  gaseous 
carbon  dioxide  and  a  saturated  aqueous 
solution  of  carbon  dioxide  was  studied  by 
bringing  the  two  phases  in  contact  in  a  sys- 
tem containing  two  bulbs  interconnected 
with  a  large-bore  stopcock.  The  aqueous 
phase  filled  the  lower,  smaller  bulb,  and 
the  gas  phase  was  in  the  upper  one.  The 
systems  were  allowed  to  reach  equilibrium, 
and  then  the  phases  were  separated  by 
running  the  water  into  the  lower  bulb  and 
closing  the  stopcock.  The  gas  phase  was 
sampled,  dried,  and  introduced  into  the 
mass  spectrometer.  The  aqueous  phase 
was  outgassed  under  vacuum  to  ensure 
complete  removal  of  dissolved  carbon  di- 
oxide. This  gas  was  then  dried  and  ad- 
mitted to  the  mass  spectrometer.  Experi- 
ments were  performed  where  the  partial 
pressure  of  carbon  dioxide,  the  length  of 
time  for  equilibrium  to  be  reached,  and 
the  acidity  of  the  solution  were  varied.  In 
some  experiments,  the  enzyme  carbonic 
anhydrase  was  added  to  speed  up  the  hy- 
dration of  carbon  dioxide.  The  results  of 
these  experiments  yield  the  equilibrium 
constant  for  the  reaction 

C1202  (£)+C1302  (aq)& 

C1302  (£)+C1202  (aq) 

as  1.0009  at  25  °C.  Under  all  conditions, 
the  concentration  of  bicarbonate  ion  in 
solution  was  negligible. 

The  measurement  of  the  equilibrium 
constant  for  the  exchange  of  the  carbon 
isotopes  between  carbon  dioxide  and  bi- 
carbonate ion  is  slightly  more  difficult, 
since,  in  any  solution  with  a  convenient 
partial  pressure  of  carbon  dioxide,  the 
aqueous  phase  consists  of  both  dissolved 
carbon  dioxide  and  bicarbonate  ion  in  a 
ratio  that  is  strongly  dependent  upon  the 


GEOPHYSICAL  LABORATORY        165 


/?H.  The  following  measurement  was 
made.  The  ion-exchange  resin  Dowex-1, 
originally  in  the  chloride  form,  was  con- 
verted to  the  bicarbonate  form  by  sus- 
pending it  in  a  solution  of  sodium  bicar- 
bonate that  was  saturated  with  carbon 
dioxide  to  suppress  the  formation  of  car- 
bonate ion.  The  resin  was  filtered,  washed, 
and  suspended  in  a  bicarbonate  solution  in 
the  two-bulb  apparatus  just  described.  The 
system  was  saturated  with  carbon  dioxide 
and  allowed  to  reach  equilibrium.  The  gas 
phase  was  sampled  and  the  resin  filtered 


off.  Carbon  dioxide  was  generated  from 
the  resin  by  treating  with  phosphoric  acid. 
A  number  of  parameters  of  the  system 
were  varied,  and  the  equilibrium  constant 
for  the  reaction 

C1302  (£)+HC1203-^ 

C1202(^)+HC1303- 

was  determined  to  be  1.0083  at  25°C.  It 
remains  to  be  shown  that  there  is  no  iso- 
tope fractionation  between  the  bicarbonate 
in  solution  and  that  adsorbed  on  the  ion- 
exchange  resin. 


CORRELATION  IN  CLOSED  TABLES 

F.  Chayes 


A  large  part  of  scientific  inquiry  is 
aimed  at  establishing  whether  or  not  two 
(or  more)  variables  of  a  given  complex 
assemblage — for  example,  birth  weight  and 
growth  rate  in  organisms,  index  of  refrac- 
tion and  specific  gravity  of  glasses,  hard- 
ness and  chemical  composition  of  alloys — 
are  related  in  some  nonrandom  fashion. 
In  numerical  analysis  this  inquiry  often 
takes  the  form  of  calculation  of  the  prod- 
uct-moment correlation  coefficients,  fol- 
lowed usually  by  tests  of  their  significance 
against  the  alternative  of  zero  correlation 
in  the  underlying  parent  population.  Natu- 
ral scientists  often  satisfy  themselves  with 
a  graphical  analogue  of  this  procedure. 

Although  the  mathematical  intractabil- 
ity of  product-moment  correlation  has 
brought  the  theoretical  development  of 
the  subject  to  a  standstill,  elementary  cor- 
relation analysis  provides  a  remarkable  and 
immensely  valuable  numerical  mirror  for 
many  of  the  naturalist's  notions  of  "re- 
latedness."  In  the  recurrent  attempts  to 
"quantify"  one  or  other  of  the  natural 
sciences  the  transition  from  graphical  to 
numerical  correlation  analysis  has  often 
been  among  the  first  major  advances.  And, 
although  nowadays  the  subject  gets  rather 
short  shrift  in  textbooks  of  theoretical  or 
mathematical  statistics,  it  is  still  given 
careful  attention  in  those  aimed  at  intro- 
ducing the  practical  aspects  of  statistics  to 


students   of   agronomy    and    the    natural 


sciences. 


In  one  very  important  class  of  data,  un- 
fortunately, the  parallelism  between  natu- 
ralistic and  elementary  numerical  concepts 
of  relatedness  fails  completely.  If  the  sum 
of  the  variables  in  each  item  of  a  sample 
is  a  constant,  the  same  for  all  items,  the 
assumptions  basic  to  correlation  analysis, 
viz.,  that  variances  and  covariances  are 
potentially  independent,  and  that  the  par- 
ent product-moment  correlation  between 
unrelated  variables  is  zero,  are  invalid. 

Percentage  data  provide  a  very  com- 
mon example  of  this  situation.  They  are 
used  in  many  different  contexts,  but  per- 
haps nowhere  more  persistently  and  with 
less  regard  for  the  consequences  than  in 
petrology,  descriptive  and  theoretical.  The 
variation  diagrams  that  form  such  a  large 
part  of  this  subject  are  graphical  correla- 
tion analyses,  and  the  variables  involved 
are  often  of  this  type.  This  is  true,  for  ex- 
ample, whether  we  plot  one  oxide  against 
another,  as  in  Harker  variation  diagrams, 
or  project  three  variables  or  three  sums  of 
variables  into  the  ACF  ternaries  of  the 
facies  classification  or  the  Ab-Or-Si02  tri- 
angle of  the  so-called  "granite  system." 
The  following  account  reviews  some  of 
the  more  important  results  of  a  study,  be- 
gun this  report  year,  of  the  effects  of  a 
constant  item-sum,  or  "cloture,"  on  cor- 
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relation  analysis  as  used  in  petrography. 
Since  this  part  of  the  work  will  soon  be 
ready  for  journal  publication,  detailed 
proofs  are  omitted. 

The  Necessity  of  Negative  Correlation  in 
a  "Closed  Array" 

Denoting  the  value  of  the  /th  variable 
in  the  /th  item  of  a  sample  by  Xy,  the  av- 
erage value  of  variable  i  in  the  sample  by 
xi,  and  the  /'th  deviation  from  this  mean  by 
Xij—Xij—Xi,  it  is  evident  that  if 


M  M 

/  jXij—  /jXi=K 


(1) 


as  in  per  cent  data  (in  which  K  — 100), 
then 

M 

2)*«=0  (2) 

1  =  1 

Arrays  of  this  sort  have  been  called  "closed 
tables"  and  will  be  so  referred  to  below. 

The  consequences  of  equation  2  on  cor- 
relation analysis,  on  the  meaning  of  "re- 
latedness,"  on  the  relation  between  corre- 
lation and  regression,  and  on  the  genetic 
and  pseudogenetic  implications  of  rock 
classification  are  far-reaching  and  in  some 
respects  quite  unexpected.  We  first  de- 
scribe the  general  effect,  which  may  be 
summarized  as  a  tendency  to  generate 
negative  and  suppress  positive  covariance. 

It  is  easily  shown  from  equation  2  that 
every  row  of  the  covariance  matrix  must 
also  sum  to  zero;  i.e., 

M 

V1  +  ^plk  =  0  (3) 

where  Vi  is  the  variance  of  variable  1,  pik 
is  the  covariance  of  variables  1  and  ^,  and 
the  numbering  of  variables  is  arbitrary. 
Since  Vi— 0  it  is  clear  that  one  or  more  of 
the  covariances  must  be  negative.  From 
equation  3  it  then  follows  that  in  any 
closed  table  containing  M  variables : 

(a)  Of  the  (M— 1)  correlations  involv- 
ing each  variable,  at  least  one,  and  for  the 


variable   of   maximum   variance   at   least 
two,  must  be  negative. 

(b)  Of  the    (   9  j    correlations  that  can 

be  formed  from  the  array,  at  least  (M  — 1) 
must  be  negative. 

(c)  Unless  some  one  of  the  variances  is 
larger  than  the  sum  of  the  others,  a  situa- 
tion not  likely  to  arise  unless  the  mean 
values  differ  by  more  than  an  order  of 
magnitude,  there  is  no  a  priori  require- 
ment for  positive  correlation. 

(d)  In  the  absence  of  nonrandom  asso- 
ciation between  the  variables  the  stronger 
negative  correlations  will  be  those  between 
the  variables  of  greater  variance. 

(e)  If  M  =  3,  the  correlation  coefficients 
are  single-valued  functions  of  the  variances, 
specifically 


_l/Vk-(Vi  +  Vj) 
rij—  -  ( 

2  \  siSj 


) 


(4) 


where  s  denotes  a  standard  deviation,  V  a 
variance,  and  r  a  correlation  coefficient. 
Note  that  m  will  be  positive  if  and  only  if 
Vk>  (Vi+Vj).  In  the  "granite  system," 
for  example,  quartz  and  potash  feldspar 
will  be  positively  correlated  if  and  only  if 
the  sum  of  their  variances  is  less  than  that 
of  plagioclase. 

(/)  If  M=4  and  any  two  covariances  of 
some  one  of  the  variables  are  fixed 
(whether  by  observation  or  hypothesis) 
the  remaining  four  covariances  are  addi- 
tive functions  of  these  two  and  the  vari- 
ances. Thus  if  we  are  working  with  as- 
signed variances — such  as  are  often  implied 
by  the  range  specifications  so  common  in 
petrographic  classifications — and  the  hy- 
pothesis in  question  implies  specific  values 
for  pij  and  pik,  it  also  implies  equally  spe- 
cific expectations  for  m,  rjk,  rji,  and  ru. 

(g)  No  standard  deviation  may  be 
larger  than  the  sum  of  the  others.  A  value 
this  large  may  occur  only  if  the  variable 
in  question  exhibits  perfect  negative  cor- 
relation with  all  the  other  variables. 

These  and  a  number  of  similar  restric- 
tions are  scarcely  statistical.  Most  of  them 
are  merely  algebraic  consequences  of  equa- 
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tion  3  and  hence  of  equation  2,  which  is 
true  of  every  closed  array.  With  no  in- 
formation about  the  penological,  geo- 
chemical,  or  statistical  issues  involved,  in- 
deed, with  no  knowledge  of  the  rocks  or 
analyses  under  discussion,  we  may  be  sure 
that  the  negative  covariance  will  exceed 
the  positive  covariance  attaching  to  each 
variable  by  an  amount  exactly  equal  to  the 
variance.  For  each  variable,  accordingly, 
the  average  covariance,  and  hence  the  ex- 
pected value  of  its  correlation  with  other 
variables,  must  be  negative. 

In  order  to  appraise  the  practical  im- 
portance of  this  result  it  will  be  convenient 
to  define  a  rather  arbitrary  quantity,  the 
total  variance  of  the  array,  or 

M 
Vt—  ^/_j   Vi 

i=\ 

It  is  not  difficult  to  show  that,  in  the  ab- 
sence of  nonrandom  associations  between 
the  variables,  E(m)— >0  through  negative 
values  as  (Vi+Vj)/Vr->0.  Since  the  vari- 
ance of  a  minor  or  trace  constituent  must 
be  a  small  part  of  the  total  variance  of  the 
array  it  is  reasonable  to  suppose  that  cor- 
relations between  such  constituents  are 
little  affected  by  equation  2  and  that  in 
testing  minor-constituent  correlations,  par- 
ticularly in  small  samples,  no  special  pro- 
vision need  be  made  to  compensate  for 
biases  arising  from  equation  2.  Unless  Vt 
exceeds  (Vi+Vj)  by  at  least  an  order  of 
magnitude,  however,  biases  arising  from 
equation  2  will  usually  be  large  enough  so 
that  the  use  of  pij=0  as  a  criterion  of  un- 
relatedness  is  completely  unrealistic.  Proper 
evaluation  of  correlations  between  major 
constituents,  and  often  of  those  between 
major  and  minor  constituents,  requires 
sharp  modification  of  conventional  nu- 
merical analysis  and  obliges  us  to  abandon 
the  empathic  appreciation  of  graphs  which 
has  for  so  long  been  a  staple  of  petrology. 

On  the  Value  of  p  Indicative  of 
"Unr elatedness"  in  a  Closed  Array 

The  standard  numerical  and  graphical 
procedures  for  determining  whether  two 


variables  are  "related"  in  some  nonrandom 
fashion  presumes  that  in  the  absence  of 
nonrandom  association  the  scatter  of  the 
data  would  be  compatible  with  pi2  — 0  re- 
gardless of  the  variances  of  X±,  X2,  or 
K—  (X1+X2).  In  proposing  the  abandon- 
ment of  this  criterion  we  do  not  in  any  way 
reduce  the  urgency  of  the  problem  that  led 
to  its  adoption.  However  unrealistic  our 
method  of  solving  it  may  have  been,  the 
problem  itself  is  not  in  the  least  unrealistic. 
As  petrographers  we  must  still  decide 
whether  or  not  our  data  justify  the  in- 
ference of  nonrandom  association  between 
variables  that  are  percentages  of  the  same 
whole,  and  the  decision  is  often  a  matter 
of  critical  importance.  How  shall  we  reach 
it? 

It  is  convenient  but  not  at  all  necessary 
to  test  sample  correlations  against  the  al- 
ternative p  =  0.  By  means  of  the  Fisher  z 
transformation  we  may  also  test  r  against 
any  p^O.  All  we  need  is  the  appropriate 
value  of  p.  For  the  special  but  not  unim- 
portant case  in  which  the  parent  variances 
are  presumed  equal  this  value  is  readily 
obtained.  From  equation  3  it  is  obvious 
that  the  average  covariance  of  Xi  is 

pi*=Fi/(l-M) 

and  if  Fi  =  F2  =  F3=  •    •    ■  =VM  =  c\  for 
instance,  we  have  at  once  that 

Pik  =  pik/oiOjc=  (l-M)-1         (5) 

in   which,   as   before,   the   numbering   of 
variables  is  arbitrary. 

This  unexpectedly  simple  result,  which 
is  distribution  free  and  independent  of  the 
mean  values  of  the  variables,  has  been 
thoroughly  tested  by  random-sampling  ex- 
periments. The  tests,  which  were  run  be- 
fore the  proof  given  here  had  been  de- 
veloped, are  reassuring  but  unnecessary; 
given  that  the  variances  are  equal,  equa- 
tion 5  is  an  algebraic  consequence  of  equa- 
tion 2.  If  the  sample  variances  of  an  in- 
variable closed  array  are  such  as  might 
have  been  drawn,  or  cannot  be  shown  not 
to  have  been  drawn,  from  a  parent  popula- 
tion characterized  by  equal  variances,  it  is 
reasonable  to  regard  every  sample  correla- 
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tion  as  an  estimate  of  (1— M)"1.  Instead 
of  testing  a  sample  r  against  p  =  0,  as  in  the 
conventional  nul  hypothesis,  the  test  is  to 
be  of  r  against  (1— M)"1  by  means  of  the 
Fisher  z  transformation.  A  significant  dif- 
ference between  r  and  (1— M)"1  is  then 
to  be  regarded  as  evidence  of  nonrandom 
association  between  the  variables  in  ques- 
tion. 

But  how  are  we  to  determine  whether 
the  parent  variances  are  properly  regarded 
as  equal?  This  is  a  puzzling  question, 
since  tests  of  variance  homogeneity  require 
that  the  variances  be  independent  and  it  is 
clear  that  the  variances  in  a  closed  array 
cannot  be  independent.  To  date  no  satis- 
factory solution  has  been  found,  but  it  is 
not  too  much  to  say  that  if  one  can  be 
found  the  problem  of  correlation  analysis 
in  closed  arrays  characterized  by  homo- 
geneous variance  will  be  solved.  In  the 
meantime  we  are  obliged  to  search  for 
empirical  approximations. 

Extensive  machine  calculation  of  covari- 
ance  matrices  for  some  543  modal  analyses 
partitioned  into  33  subgroups  by  locality 
suggests  that  in  granitic  rocks  the  average 
correlation  of  a  mineral  with  minerals 
more  variable  than  itself  is  rather  closely 
estimated  by  (1—  M')"1,  where  M'  is  the 
variance  rank  of  the  mineral  whose  aver- 
age correlation  is  sought,  the  most  variable 
mineral  being  assigned  variance  rank  1,  the 
next  most  variable  2,  and  so  forth.  Al- 
though this  approximation  fails  at  M'  =  2, 
for  which  r  is  —0.72  instead  of  —1.0,  it 
works  very  well  for  M'— 3,  the  difference 
between  r  and  (1—  M')_1  being  0.03  at 
M'  =  3  and  less  than  0.01  for  4^M'^7. 

It  would  be  desirable  to  exclude  from 
calculations  of  this  sort  any  subgroup  in 
which  there  is  reason  to  believe  that  one 
or  more  of  the  mineral  associations  is  non- 
random.  This,  however,  is  patently  im- 
possible, since  there  is  at  present  no  satis- 
factory method  for  testing  departures  from 


randomness  in  these  associations,  the  ob- 
ject of  the  present  work  being  in  fact  the 
development  of  one.  Numerical  experi- 
mentation has  therefore  been  adopted  as 
an  alternative. 

By  means  of  a  program  constructed 
toward  the  close  of  the  report  year  it  is 
possible  to  generate  random  closed  arrays 
of  up  to  15  variables  with  preassigned 
means  and  variances.  In  this  procedure 
the  closed  array  is  formed  by  reducing  an 
initial  random  array  of  open  uncorrelated 
variables  to  percentages;  the  operation  of 
cloture  is  thus  the  only  source  of  correla- 
tion in  the  closed  array.  Relations  between 
the  means  and  variances  of  the  open  and 
closed  arrays  may  be  deduced  without 
benefit  of  machine.  (Knowledge  of  these 
relations  is  in  fact  indispensable  if  closed 
arrays  characterized  by  preassigned  means 
and  variances  are  to  be  made  to  order  in 
this  fashion.)  A  similar  direct  calculation 
of  the  relation  between  covariances  in  open 
and  closed  arrays  has  not  so  far  been 
achieved  and  appears  to  be  extremely  diffi- 
cult. Machine  computation  of  the  covari- 
ances, however,  is  both  simple  and  rapid, 
so  that  covariance  relations  may  now  be 
investigated  experimentally  for  closed  ar- 
rays closely  resembling  those  actually  en- 
countered in  practice.  This  part  of  the 
project  has  barely  begun  as  the  report  year 
ends;  results  obtained  to  date  are  very 
promising  but  so  fragmentary  that  no  de- 
tailed account  of  them  seems  warranted. 
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High-Order  Transitions  in  Mineralogy. 
II.   A  Structural  Interpretation 

G.  Donnay 

High-order  transitions  are  now  known 
to  occur  in  several  phase  diagrams,  for 
example  nepheline-kaliophilite  (Donnay, 
Schairer,  and  Donnay,  1959)  and  the 
tourmalines  elbaite-dravite-schorlite  (Ep- 
precht,  1953).  What  is  the  structural 
mechanism  of  these  transitions  ? 

Consider  the  nephelines,  (Na,K)eSie- 
Ale024.  The  pure  sodium  end  member 
consists  of  identical  unit  cells  that  contain 
six  sodium  ions  each.  A  sample  of  com- 
position Na5.9Ko.iSieAl6024,  say,  is  com- 
posed of  a  majority  of  such  cells  but  must 
contain  some  cells  that  have  five  sodium 
ions  and  one  potassium  ion,  other  cells 
with  four  sodium  and  two  potassium  ions, 
etc.  In  all,  there  are  seven  possible  types  of 
solute  cells  that  might  be  found  in  such 
a  "mixed  crystal."  The  cell  dimensions, 
determined  from  measurements  made  on 
X-ray  diffraction  patterns,  represent 
weighted  averages  of  the  cell  dimensions  of 
the  different  solute  cells.  Strain  is  likely  to 
be  produced  in  the  potassium-bearing  cells 
and  at  the  interfaces  of  the  solute  cells. 
Therefore,  the  cells  of  a  given  composition 
will  tend  to  coalesce,  in  order  to  keep  the 
interface  a  minimum.  When  one  of  the 
small  cations  out  of  twenty-four  (that  is 
to  say,  on  the  average,  one  in  every  four 
cells)  is  replaced  by  the  larger  cation,  the 
silicate  framework  which  supposedly  leaves 
six  small  interstices  in  the  subpotassic  sub- 
phase  suddenly  switches  to  a  structure  with 
two  large  interstices,  to  accommodate  po- 
tassium ions,  and  four  small  holes,  for 
sodium  ions  (Buerger,  Klein,  and  Don- 
nay, 1954) ;  the  mediopotassic  phase  re- 
sults— the  transition  is  taking  place. 

It  seems  reasonable  to  assume  that  the 
silicate  framework  changes  in  all  cells,  just 
as  it  can  be  supposed  that  it  was  uniformly 
that  of  pure  sodium  nepheline  through- 
out the  edifice  in  the  subpotassic  composi- 


tion range.  The  framework  with  the  two 
kinds  of  holes  persists  to  composition 
Na4K2Si6Al6024,  at  which  a  second  high- 
order  transition  is  known  to  take  place. 
The  unmixing  curve  determined  by 
Smith  and  Tuttle  (1957)  approaches  this 
transition  point  with  decreasing  tempera- 
ture. This  observation  accounts  for  the 
fact  that  natural  low-temperature  nephe- 
line compositions  cluster  around  Na4K2Sie- 
Ale024,  a  composition  that  M.  J.  Buerger 
(private  communication)  wanted  to  pro- 
pose for  the  nepheline  structural  formula. 

Many  such  preferred  compositions  of 
minerals  should  be  explainable  in  this 
way,  and  phase  diagrams  of  minerals 
should  be  scrutinized  for  high-order  transi- 
tions. 

Professor  W.  S.  Koski,  chemist  at  The 
Johns  Hopkins  University,  will  try  to  ob- 
tain information  about  the  type  and  distri- 
bution of  solute  cells  by  means  of  para- 
magnetic resonance  study.  Attempts  will 
be  made  to  substitute  small  amounts  of 
copper  for  nickel  in  nickel  etioporphyrin 
II,  a  material  that  has  been  synthesized  in 
the  pure  form  as  single  crystals  in  Profes- 
sor A.  Corwin's  laboratory  at  Hopkins. 
The  crystal  stucture  of  this  pure  nickel 
compound  is  known;  it  has  tetragonal 
symmetry,  and  four  molecules  per  cell  in 
one  special  position  (Crute,  1959).  The 
crystals  are  diamagnetic.  By  adding  known 
small  amounts  of  paramagnetic  copper, 
resonance  spectra  of  distinct  solute  cells, 
cells  which  differ  in  the  number  of  copper 
atoms  they  contain  and  therefore  also  in 
the  environment  that  they  offer  to  these 
copper  atoms,  should  be  distinguishable. 

Peculiarities  of  Sulfide  Crystal  Structures 
N.  Morimoto,  G.  Donnay,  and  G.  Kullerud 

It  is  advantageous  to  consider  sulfide 
crystal  structures  as  comprising  two  sub- 
structures, one  composed  of  the  large 
sulfur  (selenium  or  tellurium)  anions  and 
the  other  composed  of  the  small  metallic 
cations.  The  former  substructure  is  based 
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on  a  face-centered  cubic  lattice  (occasion- 
ally, as  in  klockmannite,  a  close-packed 
hexagonal  structure  replaces  the  cubic 
one) .  The  edge  of  the  small  face-centered 
cube  is  5.5  ±0.3  A.  In  all  sulfide  structures 
we  have  studied,  the  sulfur  atoms  remain 
exactly  at  the  nodes  of  the  face-centered 
cubic  lattice  so  that  the  symmetry  of  the 
sulfur  substructure  is  truly  cubic.  The 
cation  substructure,  on  the  other  hand, 
is  always  based  on  a  larger  cell,  except  for 
the  highest-temperature  form  in  which 
the  metal  ions  are  completely  disordered, 
so  that  statistically  the  true  cell  coincides 
with  that  of  the  sulfur  substructure.  The 
metal  atoms  appear  to  have  great  mobility; 
that  is  to  say,  they  do  migrate  through 
the  structure  as  the  temperature  changes 
or  if  the  material  is  placed  in  an  electric 
or  a  magnetic  field.  There  are  three  posi- 
tions in  which  the  metal  atoms  can  come 
to  rest.  They  lie  along  the  body  diagonal 
of  the  small  cube:  at  1/4,  1/4,  1/4  with 
tetrahedral  sulfur-coordination,  at  1/3,  1/3, 
1/3  with  trigonal  coordination,  or  at 
1/2,  1/2,  1/2  with  octahedral  coordination. 
The  first  of  these  appears  to  be  the  pre- 
ferred one,  at  least  for  copper  and  iron 
substructures.  On  cooling  from  the  high- 
temperature  form,  the  metal  atoms  will 
order  and  in  such  a  way  that  their  unit  cell 
may  be,  say,  rhombohedral  as  in  the  case 
of  digenite,  bornite,  and  the  whole  range 
of  solid  solutions  between  these  two  end 
members.  The  number  of  small  cubes 
inscribed  in  the  true  rhombohedral  cell 
varies  in  the  above  cases  from  two  for 
the  bornite  composition  to  four,  five,  and 
six  for  the  pure  digenite  composition. 
The  size  of  the  cell,  and  therefore  the 
crystal  structure,  does  depend  on  the 
composition,  but  not  on  the  composition 
alone,  because  the  rate  of  cooling  also 
has  an  effect  on  the  form  that  is  produced. 
For  example,  the  cell  that  contains  six  of 
the  small  cubes  is  obtained  in  the  labora- 
tory when  the  exact  composition  CU9S5 
is  quenched;  and  it  appears  that  this  form 
may  be  metastable  since  it  has  never  been 
observed  in  nature.   Natural  digenite  has 


the  rhombohedral  cell  corresponding  to 
five  small  cubes  which  was  described  in  a 
previous  paper  (Donnay,  Donnay,  and 
Kullerud,  1958). 

One  of  the  interesting  peculiarities  of  the 
sulfide  crystal  structures  is  that  they  are 
universally  twinned  and  that  only  one  of 
the  substructures,  namely  that  of  the 
cations,  "knows"  about  the  twinning. 
As  far  as  the  sulfur  substructure  is  con- 
cerned, there  is  no  twinning.  The  sym- 
metry elements  of  the  cube  that  are  not 
symmetry  elements  of  the  true  rhombo- 
hedral cell  serve  as  twin  elements.  In  the 
case  of  the  digenite-bornite  series,  the 
metastable  form,  which  is  usually  obtained 
in  the  laboratory  on  quick  cooling,  has 
the  fourfold  axis  of  the  cube  as  twin  ele- 
ment. It  is  this  twinning  phenomenon 
that  explains  the  peculiarly  large  number 
of  absences  on  the  X-ray  diffraction  pat- 
terns. These  absences  are  neither  space- 
group  nor  structural  absences.  We  shall 
call  them  "twinning  absences"  because 
they  are  mathematically  explained  when 
twinning  is  taken  into  consideration.  An 
analysis  of  this  phenomenon  was  given  in 
the  digenite  paper.  It  appears  that  the 
universality  of  the  twinning  is  due  to  the 
fact  that  the  sulfur  substructure  forms 
the  framework  of  the  crystal  structure, 
whereas  the  metal  atoms  are  responsible 
for  the  complicated  true  structure  and  its 
characteristic  diffraction  effects.  As  one 
would  expect,  sulfides  are  not  the  only 
compounds  that  show  this  phenomenon. 
Uranium  alloys  have  been  reported  to 
show  it  too.  Indeed,  we  should  predict 
this  type  of  effect  for  any  crystal  structure 
that  is  composed  of  two  or  more  inter- 
penetrating substructures,  one  of  which 
consists  of  large  ions,  the  other  of  small 
ions.  The  bonds  between  the  two  types  of 
ions  should  not  be  of  the  ionic  type.  The 
phenomenon  appears  to  be  favored  by 
metallic-covalent  bonding. 

Dr.  Dorothy  Wrinch  has  proposed  a 
similar  structural  hypothesis  for  protein 
crystals  and  has  also  used  the  same  ex- 
planation   to    interpret    the    structure   of 
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silicate  minerals.  Care  must  be  taken, 
however,  in  drawing  an  analogy  between 
oxygen  compounds  and  sulfides,  because 
bonds  from  alkali  and  alkali-earth  ions  to 
oxygen  are  more  ionic,  and  therefore  more 
directional,  than  metal-to-sulfur  bonds. 

The  factors  that  determine  the  crystal- 
structure  type  of  sulfides  obtained  on  cool- 
ing from  the  high-temperature  form  are 
as  follows.  First,  and  most  important,  are 
the  compositional  factors,  which  we  can 
subdivide  in  the  following  way:  (a)  the 
metal-to-sulfur  ratio,  which  determines 
what  type  of  mineral  will  be  produced; 
(b)  the  metal-to-metal  ratio,  which  has 
the  same  effect ;  (c)  less  important  but 
still  significant,  the  presence  of  substituting 
ions,  say  nickel  or  cobalt  replacing  iron 
or  copper,  or  selenium  substituting  for 
sulfur.  Second,  the  rate  of  cooling  will 
have  an  effect  on  the  form  obtained — the 
more  quickly  the  sample  is  cooled,  the  less 
time  there  is  for  the  metal  atoms  to  order. 
Quenching  in  the  laboratory  thus  leads 
to  phases  that  are  never  found  in  nature, 
presumably  because  cooling  in  nature  is 
never  as  rapid  as  in  quenching  in  the 
laboratory.  Third,  the  physical  nature  of 
the  starting  material  should  have  an  effect. 
This  factor  and  the  next  one  are  hypo- 
thetical; that  is  to  say,  they  have  not  been 
actually  tested,  but  it  is  easy  and  tempting 
to  outline  the  experiments  that  would  do 
so.  If  we  are  starting  with  a  single  crystal 
of  the  high-temperature  form,  the  metal 
atoms  will  be  able  to  move  through  the 
whole  edifice  with  minimum  interference 
and  should,  therefore,  order  quickly.  If 
we  were  to  start  with  a  fine-grained 
powder,  the  facility  for  metal  migration 
would  be  considerably  less  and  we  would 
expect  to  end  with  a  less  perfectly  ordered 
structure  or  possibly  with  a  structure  with 
a  larger  unit  cell,  because  the  average 
degree  of  ordering  achieved  would  be 
smaller.  Finally,  we  predict  that  the  pres- 
ence of  a  magnetic  field  will  affect  the 
form  obtained  whenever  the  metallic  atom 
is  magnetic,  as  it  is,  say,  in  iron  sulfide. 


The  above  interpretation  of  sulfide  crys- 
tal structures  explains,  we  believe,  some  ap- 
parent contradictions  found  in  the  litera- 
ture. All  the  early  X-ray  work  on  sulfides 
was  done  with  powder  samples  and  pow- 
der patterns  only.  It  cannot  be  trusted, 
because  only  sulfur  substructure  lines  are 
visible  on  these  powder  patterns.  The  dif- 
fraction lines  that  are  due  to  the  metal  sub- 
structure are  too  weak  to  appear.  Thus,  in 
many  instances,  sulfides  were  described  as 
having  a  small  face-centered  cubic  cell  or 
a  hexagonal  close-packed  crystal  structure. 
Single-crystal  work  usually  showed  "sub- 
sidiary reflections"  (klockmannite,  Berry, 
1954;  bornite,  Tunell  and  Adams,  1949), 
which  were  noted  but  could  not  be  taken 
into  account  because  they  led  to  a  cell 
that  appeared  much  too  large  for  the 
practical  purpose  of  structure  determina- 
tion. Once  it  is  recognized  that  these  sub- 
sidiary reflections  are  the  critical  ones  for 
the  structure  determination,  and  that  the 
true  unit  cell  is  not  nearly  as  large  as  the 
positions  of  these  subsidiary  reflections 
seem  to  indicate,  the  crystal  structures  of 
the  sulfides  will  no  longer  be  so  baffling. 

A  sulfide  structure  determination  will 
always  fall  into  two  parts.  The  first  part 
consists  in  identifying  the  twin  law  and 
then  determining  the  true  cell  and  its 
contents.  The  second  part,  no  longer  in- 
surmountable although  still  tricky,  con- 
sists in  determining  the  structure  within 
the  true  cell.  This  part  is  difficult  because 
most  of  the  observed  X-ray  reflections  re- 
ceive contributions  from  several  indi- 
viduals of  the  twin  or  from  all  of  them. 
It  must  be  assumed  that  these  individual 
crystals  have  equal  volumes  before  the 
intensity  coming  from  any  one  of  them 
can  be  determined.  Is  this  hypothesis  of 
equal  volumes  for  the  individuals  of  the 
twin  justified?  It  appears  reasonable  be- 
cause the  twin  seems  to  be  of  the  very 
intimate  penetration  type.  We  have  not 
been  able  to  detect  the  twinning  on 
polished  sections,  nor  did  the  morphologi- 
cal study  of  apparent  single  crystals  add 
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much  to  our  understanding.  Evidence 
that  the  volumes  are  equal  is  the  fact  that 
the  symmetry  of  the  X-ray  reflections,  in 
the  case  of  the  bornite  and  digenite  series, 
is  truly  cubic,  not  only  as  to  positions  but 
also  as  to  intensities.  This  would  not  be 
so  if  the  volumes  of  the  individuals  were 
not  identical. 

Probably  many  of  the  phases  described 
in  the  literature,  namely  those  grown  in 
the  laboratory,  are  metastable  phases.  The 
number  of  polymorphic  forms  to  be  ex- 
pected for  any  one  sulfide  should  be  very 
large  (of  the  order  of  magnitude  of  the 
number  of  phases  reported  for  silicon  car- 
bide, say)  since,  by  changing  the  various 
factors  named  above — composition,  cooling 
rate,  grain  size,  and  other  conditions  such 
as  magnetic  field — different  crystal  struc- 
tures should  result.  If,  therefore,  only  a 
small  number  are  found  in  nature,  this  fact 
must  be  taken  as  an  indication  that  the 
conditions  of  cooling  are  relatively  constant 
for  sulfide  deposits. 

Even  for  the  same  crystal  structure,  we 
observe  different  diffraction  effects  depend- 
ing upon  the  type  of  twinning.  As  an 
example  consider  bornite,  CusFeS^  A 
metastable  form  is  based  on  a  rhombo- 
hedral  cell  inscribed  into  2X2X2  small 
cubes  of  the  sulfur  substructure.  It  is 
found  to  twin  with  a  fourfold  axis  of  the 
cube  acting  as  twin  axis,  and  the  resulting 
twin  appears  to  have  cubic  symmetry. 
The  low-temperature  form  is  presumably 
monoclinic,  twinned  about  a  fourfold  axis 
of  the  small  cube,  so  that  the  twin  sym- 
metry is  tetragonal.  This  is  found  to  be 
true  for  natural  specimens.  For  synthetic 
materials,  three  tetragonal  cells  are  fur- 
ther twinned  by  120°  rotations  about  a 
threefold  axis  of  the  small  cube;  in  this 
case  the  volumes  are  always  equal  and 
the  twin  has  cubic  symmetry.  Thus,  al- 
though the  structure  of  sulfides  is  compli- 
cated, it  is  not  difficult  to  comprehend. 

The  type  of  twinning  here  observed 
was  discussed  by  G.  Friedel,  who  referred 
to  it  as   "twinning  by  high-order  mero- 


hedry"  because  the  twin  symmetry  rigor- 
ously belongs  to  a  higher  crystal  system 
than  the  symmetry  of  the  individual 
crystal.  The  sulfides  provide  the  first  ex- 
amples of  this  type  of  twinning.  H.  Curien 
has  recently  shown  (paper  presented  at 
the  First  General  Meeting  of  the  Inter- 
national Mineralogical  Association,  Zurich, 
1959,  to  be  published)  that  growth  twins 
can  only  have  twofold  axes  or  mirrors  as 
twin  elements.  The  twin  elements  ob- 
served in  sulfides  are  all  the  symmetry  ele- 
ments of  the  cube  that  are  not  present  as 
symmetry  elements  in  the  true  unit  cell, 
but  the  twin  is  a  transformation  twin. 
Whenever  such  twin  elements  are  ob- 
served, we  can  therefore  be  certain  that  a 
high-temperature  form  exists  and  that  it 
was  the  first  one  to  be  formed.  It  appears 
that,  at  least  for  the  sulfides  and  the  few 
selenides  we  have  studied,  crystallization 
took  place  at  a  temperature  high  enough 
to  produce  the  highest-temperature  form. 
In  the  laboratory  it  has  not  been  possible 
to  grow  sulfides  at  room  temperature.  If 
the  attempt  were  to  succeed,  it  would  be 
most  interesting  to  see  whether  untwinned 
crystals  could  be  obtained.  The  question 
that  immediately  comes  to  mind  is :  Would 
the  sulfur  atoms  be  found  exactly  at  the 
nodes  of  the  small  cubic  lattice  if  growth 
had  taken  place  at  low  temperature,  or  is 
the  cubic  substructure  of  the  sulfur  atoms 
a  result  of  the  high-to-low  transformation  ? 
In  other  words,  does  the  crystal  structure 
of  a  mineral  possibly  depend  on  the 
thermal  history  of  its  genesis  ?  Is  the  cubic 
arrangement  of  the  sulfur  atoms  perhaps 
a  metastable  arrangement  and  not  the  ar- 
rangement that  thermodynamically  has 
the  minimum  free  energy  at  room  tem- 
perature? A  good  deal  of  energy  might 
be  required  to  move  the  sulfur  atoms  from 
the  position  which  is  the  most  stable  one 
at  high  temperature  through  the  very 
slightly  deformed  pseudocubic  position 
that  would  represent  the  thermodynami- 
cally stable  configuration  at  room  tempera- 
ture. 
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The  Catalytic  Nature  of  High-Low 
Feldspar  Transformations 

G.  Donnay,  f.   Wyart,12  and  G.  Sabatier 12 

In  1934  T.  F.  W.  Barth,  who  was  then 
working  at  the  Geophysical  Laboratory, 
advanced  the  hypothesis  that  the  low-  and 
high-temperature  forms  of  the  feldspars 
differ  from  each  other  structurally  by  the 
degree  of  ordering  of  aluminum  and  sili- 
con ions  at  the  centers  of  their  oxygen 
tetrahedra:  in  the  low-temperature  form 
aluminum  and  silicon  ions  occupy  crystal- 
lographically  distinct  positions,  whereas  in 
the  high-temperature  form  the  two  chemi- 
cally distinct  ions  are  randomly  distributed 
over  the  available  crystallographic  sites. 
This  hypothesis  has  been  accepted  by 
feldspar  workers  without  question.  An 
enormous  amount  of  work  was  subse- 
quently done  on  synthetic  as  well  as 
natural  feldspars,  in  which  additional  ex- 
perimental data  were  collected.  No  prog- 
ress, however,  was  made  in  explaining  the 
mechanism  of  this  order-disorder  rear- 
rangement, nor  was  any  serious  attempt 
made  to  prove  the  Barth  hypothesis.  Only 
in  1958  did  Ferguson,  Traill,  and  Taylor 
publish  their  careful  crystal-structure  de- 
terminations of  both  low-  and  high-tem- 
perature forms  of  one  and  the  same  feld- 
spar composition.  From  the  size  of  the 
tetrahedra  that  enter  the  framework  struc- 
ture of  the  feldspar,  they  were  able  to 
confirm  Barth's  prediction;  they  found 
that  for  the  high-temperature  form  all 
tetrahedra  have  roughly  the  same  size, 
whereas  in  the  low-temperature  form  one 
group  of  tetrahedra  have  the  expected  size 
for  aluminum  tetrahedra  and  the  remain- 
ing ones  have  the  smaller  size  predicted 
for  silicon  tetrahedra.  Ferguson,  Traill, 
and  Taylor,  thus,  in  a  straightforward 
manner,  proved  the  hypothesis  advanced 
twenty-five  years  ago. 

The  hypothesis  we  now  wish  to  propose 
to  explain  the  mechanism  of  the  order-dis- 
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order  transformation  is  the  following.  Pro- 
tons available  from  water  molecules  are 
necessary  catalysts  for  the  reaction.  The 
transition  thus  becomes  a  catalytic  reac- 
tion. The  protons  are  small  enough  to 
enter  the  feldspar  structure.  The  rate  at 
which  they  can  do  so  and  the  depth  to 
which  they  can  penetrate  will  depend,  of 
course,  on  the  physical  nature  of  the  feld- 
spar material.  The  penetration  will  be 
easiest  in  a  large  single  crystal.  It  will  be 
most  difficult  in  a  fine-grained  powder. 
If  the  entering  proton  has  more  than  a 
certain  minimum  threshold  energy,  it  will 
sooner  or  later  combine  with  one  of  the 
oxygen  atoms  that  are  shared  by  tetra- 
hedra ("bridge  oxygen") :  either  two 
silicon  tetrahedra,  or  a  silicon  and  an 
aluminum  tetrahedron,  or  two  aluminum 
tetrahedra.  In  any  case,  this  proton  has 
now  converted  the  bridge  oxygen  to  hy- 
droxyl  group  of  charge  —  1,  so  that  the 
sum  of  the  Pauling  bond  strengths  of  the 
bonds  that  can  terminate  on  this  ion  is  re- 
duced to  one-half  of  its  previous  value. 
Let  us,  for  the  sake  of  argument,  assume 
that  an  Si-O  bond,  Pauling  bond  strength 
1,  remains  intact.  The  second  bond  conse- 
quently is  reduced  to  bond  strength  zero; 
i.e.,  it  ceases  to  exist.  Of  the  two  tetra- 
hedra involved,  one  will  therefore  be  left 
with  only  three  metal-to-oxygen  bonds. 
This  is  a  highly  unstable  situation.  The 
central  cation  will  escape  from  its  incom- 
plete coordination  polyhedron.  It  will  then 
wander  in  the  structure  until  it  happens 
to  find  another  disturbed  or  electrostati- 
cally unbalanced  site,  where  it  will  come 
to  rest  if,  at  the  same  time,  a  hydroxyl 
group  is  being  knocked  ofT  again  and  the 
framework  structure  is  being  restored.  We 
can  thus  picture  a  reaction  that  involves 
the  opening  up  of  an  oxygen  tetrahedron, 
the  escape  of  the  central  cation,  its  migra- 
tion through  probably  a  few  angstroms  in 
the  crystal  structure,  and  its  reimprison- 
ment  in  a  different  oxygen  tetrahedron. 

We  spoke  of  a  minimum  energy  that 
the  protons  must  have  in  order  to  do  their 
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catalytic  job.  This  energy  will  correspond 
to  a  certain  transition  temperature,  but  we 
expect  the  transition  temperature  to  de- 
pend on  the  physical  nature  of  the  ma- 
terial, and  this  is  indeed  what  Tuttle  and 
Davis,  MacKenzie,  }.  V.  Smith,  and  other 
feldspar  workers  have  observed.  The 
transition  temperatures  of  natural  feld- 
spars range  over  several  hundred  degrees 
centigrade.  Our  hypothesis  explains  this 
fact  because,  although  a  certain  amount 
of  energy  will  be  needed  to  permit  the 
proton  to  attach  itself  to  a  doubly  bonded 
oxygen,  the  energy  previously  lost  by  this 
proton  in  its  journey  into  the  interior  of 
the  feldspar  structure  will  be  a  function 
of  the  physical  nature  of  the  feldspar. 

The  transition  should  not  take  place 
at  all  if  protons  (that  is,  water)  were 
completely  absent.  Professor  F.  Laves  has, 
in  our  opinion,  accidentally  proved  our 
claim.  For  several  months,  he  kept  a 
feldspar  crystal  at  roughly  1200  °C  and  ob- 
served no  transition  to  the  high-tempera- 
ture form.  (This  crystal  had  been  kept  in  a 
desiccator  for  a  long  period  before  the 
experiment,  and  it  was  kept  away  from  the 
atmosphere  during  the  heating  process.) 
He  finally  let  it  cool  and  exposed  it  to  the 
atmosphere.  The  transition  took  place  at 
once  at  room  temperature,  and  the  high- 
temperature  form,  metastable  at  room  tem- 
perature, persisted  down  to  —  30  °C.  We 
explain  this  observation  as  follows.  In  the 
absence  of  water,  at  1200  °C,  the  transi- 
tion from  low  to  high  form  could  not 
take  place  (although  the  high  form  would 
have  been  the  thermodynamically  stable 
one),  but  the  structure  was  under  great 
strain  because  of  the  thermal  motion  exist- 
ing at  high  temperature.  Therefore,  when 
protons  were  finally  able  to  penetrate  the 
specimen,  the  transition  took  place  in- 
stantaneously, and  the  then  metastable 
high-temperature  form  was  formed  at  low 
temperature  and  persisted  indefinitely. 

We  shall  now  anticipate  the  objection 
that  water  may  not  always  be  present  in 
nature.  The  crucial  point  is  that  water  is 


supposed  to  play  only  a  catalytic  role  in 
the  transition.  The  amount  of  water 
needed  can  therefore  be  extremely  small. 
We  must  think  not  of  cubic  centimeters 
of  water,  but  of,  say,  a  thousand  or  per- 
haps even  a  few  hundred  water  molecules. 
Such  small  amounts  are  not  detectable  by 
the  usual  methods  of  chemical  analysis  or 
infrared  spectroscopy.  Moreover,  these 
tiny  amounts  of  water  may  be  firmly  held 
between  the  building  blocks  and  at  the 
surface  of  the  grains.  The  following  ex- 
periment is  intended  to  prove  our  hypothe- 
sis. Tritium  water  is  to  be  used  in  the 
heating  of  a  low-temperature  feldspar;  the 
radioactivity  of  the  feldspar  sample,  care- 
fully separated  from  its  water,  is  to  be 
determined  at  various  temperatures.  At 
the  transition  temperature,  there  should 
be  a  distinct  increase  in  beta  activity 
which  would  drop  back  to  the  low-tem- 
perature value  above  the  transition  temper- 
ature. The  drying  of  the  sample  represents 
a  real  experimental  problem,  and  no  final 
results  can  be  reported  as  yet.  The  work 
is  being  done  at  Saclay,  France,  by  Saba- 
tier. 

We  could  explain  many  other  previously 
puzzling  observations,  but  we  shall  abstain 
from  doing  so  since  this  would  not  consti- 
tute any  convincing  proof  of  the  correct- 
ness of  our  hypothesis.  Instead,  we  shall 
venture  a  prediction  based  on  the  hypothe- 
sis, a  prediction  that  we  hope  to  check  in 
the  near  future  at  the  Brookhaven  National 
Laboratory.  If  a  low-temperature  feldspar 
were  bombarded  with  a  high-energy  beam 
of  protons,  it  should  transform  to  the  high- 
temperature  form  at  low  temperatures, 
possibly  even  at  room  temperature. 

If  the  hypothesis  should  turn  out  to  be 
correct,  petrographers  must  be  prepared 
to  take  up  the  study  of  catalytic  reactions, 
a  field  of  chemistry  quite  separate  from 
ordinary  reaction  chemistry.  The  role  of 
water  in  the  feldspar  transition  should 
not  be  an  isolated  example;  on  the  con- 
trary, this  catalytic  reaction  should  have 
wide  mineralogical  application. 
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High-Temperature  Buerger  Precession 
Camera 

N.  Morimoto  and  J.  L.  England 

In  the  course  of  a  study  of  the  bornite- 
digenite  join,  the  existence  of  various 
superstructures  made  it  necessary  to  ex- 
amine the  crystals  at  high  temperatures. 

The  Buerger  precession  camera  was 
modified  for  high-temperature  use  (to 
about  300  °C)  not  only  to  confirm  the  tran- 
sitions but  also  to  obtain  single-crystal  data 
of  the  high-temperature  forms. 

This  modification  consists  of  a  small 
circular  single  strip  platinum  furnace 
(radiant  type)  mounted  on  the  collimator 
of  the  precession  camera.  The  crystal  to 
be  X-rayed  is  attached  to  the  thermo- 
couple (chrome-alumel)  with  an  epoxy 
cement.     The    thermocouple    wires    are 


securely  fastened  to  a  fiber  pin  for  the 
usual  mounting  in  the  goniometer  head. 
The  temperature  variation  due  to  the 
movement  of  crystal  depends  on  the  angle 
u  and  the  temperature.  When  u  is  20° 
at  200 °C,  the  variation  is  about  ±5°.  This 
variation  can  be  easily  improved  by  a 
slight  change  in  the  shape  of  the  furnace. 
This  type  of  high-temperature  camera 
proved  to  be  very  useful  for  the  study 
of  sulfides.  With  no  radiation  at  50  kv 
20  ma,  5  or  10  minutes'  exposure  is  enough 
to  obtain  good  photographs.  Figure  50, 
plate  3,  shows  photographs  of  bornite 
(100)  i*,  taken  without  screen.  It  was 
possible  to  confirm  the  existence  of  three 
different  forms  of  bornite  and  digenite  by 
means  of  this  camera.  The  intensity  data 
for  the  high-temperature  form  of  digenite 
and  bornite  were  also  obtained. 


MISCELLANEOUS  ADMINISTRATION 


Journal   of    Geophysical  Research 

Financial  support  by  the  Institution  and 
participation  of  its  personnel  have  been 
crucial  in  a  rather  important  development 
in  science.  Before  1959  there  were  two 
journals  in  this  country  devoted  to  general 
geophysics.  The  Journal  of  Geophysical 
Research,  a  quarterly  edited  by  M.  A. 
Tuve,  maintained  unusual  standards  of  ex- 
cellence but  lacked  sufficient  financial 
backing.  The  Transactions  of  the  Ameri- 
can Geophysical  Union,  a  bimonthly,  was 
supported  by  the  membership  and  was 
able  to  publish  more  material.  Neither 
periodical  was  adequate  to  cope  with  this 
country's  expanding  activities  in  geophysics 
and  interplanetary  sciences.  Arrangements 
were  made  to  merge  the  two  to  form  a 
new  monthly  Journal  of  Geophysical  Re- 
search. An  initial  subsidy  from  the  Na- 
tional Science  Foundation  was  obtained, 
and  P.  H.  Abelson  and  J.  A.  Peoples,  Jr., 
were  named  as  coeditors. 

The  new  Journal  has  been  very  success- 
ful. It  now  publishes  about  three  times 
as  much  material  as  was  handled  by  the 
two  earlier  periodicals.    Financial  sound- 


ness of  the  enterprise  has  been  achieved 
as  the  scientific  community  has  responded 
with  greatly  increased  memberships  in 
the  Union  and  subscriptions  to  the  Journal. 

A  cornerstone  of  the  success  is  fast  pub- 
lication time.  Principal  competitors,  in- 
cluding those  in  earth  science  and  physical 
science,  have  median  times  of  eight  to 
thirteen  months;  the  Journal's  is  four 
months,  and,  of  course,  a  great  deal  of 
the  material  appears  much  faster.  This 
contrasting  performance  is  attributable  in 
large  part  to  the  efficiency  of  Mrs.  Stryker 
and  Mr.  Singer  of  the  Institution,  who 
handle  more  than  half  of  the  processing, 
including  manuscripts  on  the  upper  atmos- 
phere and  space,  and  to  the  effectiveness 
of  coeditor  Peoples  of  the  University  of 
Kansas,  who  with  Mrs.  Peoples  takes  care 
of  the  remainder  of  the  manuscripts. 

Another  factor  in  this  achievement  has 
been  the  deliberate  recruitment  of  good 
papers  and  symposia.  In  the  past  year 
three  major  symposia — Symposium  on  the 
Exploration  of  Space,  International  Sym- 
posium on  Fluid  Mechanics  in  the  Iono- 
sphere, and  International  Symposium  on 


176        CARNEGIE  INSTITUTION  OF  WASHINGTON 


Electronic  Distance-Measuring  Techniques 
— have  been  published.  Each  of  these  con- 
tained material  equivalent  to  a  major  book 
retailing  at  $20.  Membership  dues  in  the 
American  Geophysical  Union  are  $10  a 
year.  Had  conventional  methods  been 
employed  these  books  would  have  been 
published  about  two  years  after  the  date 
of  the  symposium  with  a  further  period 
intervening  before  the  volumes  were  gen- 
erally distributed.  Through  use  of  the 
Journal  the  interval  was  cut  to  an  average 
of  about  six  months. 

One  significant  new  trend  is  that  recruit- 
ment of  good  papers  has  become  less 
necessary  and  the  better  manuscripts  have 
been  submitted  without  urging.  Further- 
more, a  definite  increase  has  been  noted 
in  the  contributions  from  abroad,  includ- 
ing Canada,  Australia,  New  Zealand, 
Japan,  and  western  Europe. 

Penologists'  Club 

Eight  meetings  of  the  Penologists'  Club 
were  held  at  the  Laboratory  this  year.  In 
addition  a  field  trip  was  conducted  by 
Allen  V.  Heyl  of  the  U.  S.  Geological  Sur- 
vey to  rocks  of  the  Maryland  Piedmont.  S.  P. 
Clark,  Jr.,  was  elected  Secretary  for  1961. 
The  following  papers  were  presented: 

"Experimental  studies  bearing  on  the  co- 
balt-nickel-silver ore  type,"  by  E.  H.  Rose- 
boom,  Jr.  (U.  S.  Geological  Survey). 

"Stability  and  occurrence  of  alkali  amphi- 
boles,"  by  W.  G.  Ernst  (Geophysical  Labora- 
tory). 

"Ore  transport  at  100°  to  300°C,"  by  H.  L. 
Barnes   (Geophysical  Laboratory). 

"Some  Alpine-type  peridotites  and  gab- 
bros,"  by  T.  P.  Thayer  (U.  S.  Geological 
Survey). 

"Vapor  pressure  versus  rock  pressure  in 
metamorphism,"  by  H.  J.  Greenwood  (Geo- 
physical Laboratory). 

"Low-temperature  liquids  in  the  system 
CaF2-Ca(OH)2-CaC03.  Haplo-carbonatite 
magmas?"  by  John  Gittins  and  O.  F.  Tuttle 
(Pennsylvania  State  University). 

"Experimental  determination  of  the  com- 
position of  (1)  coexisting  liquid  and  vapors 
and  (2)  the  fluid  phase  at  the  second  critical 
end  point  in  the  system  nepheline-water," 


by  C.  W.  Burnham  (Pennsylvania  State  Uni- 
versity). 

"Lower-grade  mineral  facies  in  New  Zea- 
land," by  D.  S.  Coombs  (University  of  Otago, 
New  Zealand). 

"Alkali  feldspars  in  the  presence  of  alkali 
chloride  solutions,"  by  P.  M.  Orville  (Geo- 
physical Laboratory). 

Lectures 

During  the  report  year  staff  members 
were  invited  to  present  lectures  as  follows : 

P.  H.  Abelson  gave  a  series  of  special 
lectures  for  the  Robert  Welch  Founda- 
tion at  Texas  Christian  University,  Prairie 
View  Agricultural  and  Mechanical  Col- 
lege, and  Rice  Institute.  He  participated 
in  the  International  Oceanographic  Con- 
gress sponsored  by  the  American  Associa- 
tion for  the  Advancement  of  Science  at 
New  York  City  and  addressed  a  sympo- 
sium on  origins  of  life  sponsored  by  the 
American  Institute  of  Biological  Sciences 
and  the  Frontiers  of  Science  Foundation 
of  Oklahoma  at  Oklahoma  City.  He  also 
gave  the  annual  Sigma  Xi  address  at  the 
Department  of  Physics,  University  of  Vir- 
ginia, and  lectured  at  the  Lamont  Geo- 
chemical  Laboratory,  the  Naval  Medical 
Research  Institute  at  the  National  Institutes 
of  Health,  the  Physics  Department  at  the 
University  of  Maryland,  and  a  technical 
conference  at  the  Institute  of  Geophysics, 
University  of  California  at  Los  Angeles. 

H.  L.  Barnes  lectured  at  the  Department 
of  Geology  at  Columbia  University,  the 
Geology  Club  at  the  University  of  Wis- 
consin, and  the  Department  of  Geology 
at  Princeton  University. 

F.  R.  Boyd  addressed  a  symposium  on 
geochemistry  sponsored  by  the  American 
Chemical  Society.  He  also  lectured  at  the 
Department  of  Geology,  Princeton  Uni- 
versity, and  the  Institute  of  Geophysics, 
University  of  California  at  Los  Angeles. 

S.  P.  Clark,  Jr.,  gave  a  series  of  six  lec- 
tures at  the  Division  of  Geological  Sci- 
ences, California  Institute  of  Technology; 
two  lectures  at  the  Department  of  Geology, 
Yale  University;  as  well  as  an  address  at 
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a  conference  on  very  high  pressure  spon- 
sored by  Wright  Air  Development  Divi- 
sion, U.  S.  Air  Force,  and  General  Elec- 
tric Research  Laboratory. 

H.  J.  Greenwood  lectured  at  the  Earth 
Sciences  Colloquium,  Massachusetts  Insti- 
tute of  Technology. 

T.  C.  Hoering  addressed  the  R.  I.  A.  S. 
of  the  Glenn  Martin  Company,  Baltimore. 

G.  Kullerud  lectured  at  Lehigh  Uni- 
versity and  addressed  a  symposium  on  geo- 
chemistry sponsored  by  the  American 
Chemical  Society. 

N.  Morimoto  gave  lectures  at  the  Col- 
lege of  Mineral  Industries,  Pennsylvania 
State  University,  and  the  Washington 
Crystallographic  Colloquium  at  the  Na- 
tional Bureau  of  Standards. 

P.  M.  Orville  addressed  the  Department 
of  Geology  at  Yale  University  and  the 
Journal  Club  at  Johns  Hopkins  University. 

J.  F.  Schairer  gave  a  series  of  lectures  at 
the  Geology  Department,  Columbia  Uni- 
versity; the  College  of  Mineral  Industries, 
Pennsylvania  State  University;  and  the 
Department  of  Chemistry,  Fordham  Uni- 
versity. As  a  participant  in  the  American 
Geological  Institute  Visiting  Geoscientist 
Program,  he  addressed  the  geology  depart- 
ments of  Colgate  University  and  St.  Law- 
rence University. 

W.  F.  Schreyer  lectured  at  the  Depart- 
ment of  Geology  and  Geophysics,  Massa- 
chusetts Institute  of  Technology. 

G.  R.  Tilton  addressed  a  symposium  on 
geochronology  sponsored  by  the  New  York 
Academy  of  Sciences. 

A.  C.  Turnock  lectured  at  the  College 
of  Mineral  Industries,  Pennsylvania  State 
University. 

H.  S.  Yoder,  Jr.,  gave  a  series  of  lectures 
at  the  Geology  Clubs  and  Petrology  Semi- 


nars of  Columbia  University  and  McGill 
University,  as  well  as  the  Graduate  Engi- 
neering Lecture  Series  Program  of  Ohio 
State  University.  He  also  participated  in 
the  American  Geological  Institute  Visiting 
Geoscientist  Program  by  addressing  the 
Le  Conte  Society  of  the  University  of 
South  Carolina  and  the  Earth  Sciences 
Division  of  the  North  Carolina  State 
College. 


The  "Summary  of  Published  Work" 
below  briefly  describes  the  papers  pub- 
lished in  scientific  journals  during  the  re- 
port year.  In  addition,  the  following 
papers  are  now  prepared  for  publication: 
P.  H.  Abelson,  "Geochemistry  of  amino 
acids";  F.  R.  Boyd,  "Geology  of  the  Yel- 
lowstone rhyolite  plateau";  L.  A.  Clark, 
"The  Fe-As-S  system :  phase  relations  and 
applications";  S.  P.  Clark,  Jr.,  "Recent  geo- 
chemical  research  at  high  pressures";  S.  P. 
Clark,  Jr.,  "A  redetermination  of  equi- 
librium relations  between  kyanite  and 
sillimanite";  W.  G.  Ernst,  "Diabase-grano- 
phyre  relations  in  the  Endion  sill,  Duluth, 
Minnesota";  L.  B.  Halferdahl,  "Chlori- 
toid:  its  composition,  X-ray  and  optical 
properties,  stability,  and  occurrence";  G. 
Kullerud,  "Sulfide  phase  equilibria";  G. 
Kullerud,  G.  Donnay,  and  J.  D.  H.  Don- 
nay,  "A  second  find  of  euhedral  bornite 
crystals  on  barite";  E.  H.  Roseboom,  Jr., 
"Phase  relations  among  the  higher  arse- 
nides of  cobalt,  iron,  and  nickel";  G.  R. 
Tilton,  "Volume  diffusion  as  a  mecha- 
nism for  discordant  lead  ages";  G.  W. 
Wetherill,  G.  L.  Davis,  and  G.  R.  Tilton, 
"Age  measurements  on  minerals  from  the 
Cutler  batholith,  Cutler,  Ontario";  E.  G. 
Zies,  "Chemical  analyses  of  two  pantel- 
lerites." 
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(1311)  The  effect  of  metamorphism  on  metal 
distribution  near  base  metal  deposits. 
H.  L.  Barnes.  Econ.  Geol,  54,  919-943, 
1959. 

Sedimentary   rocks    near   three   base-metal 
deposits  were  analyzed  to  determine  possible 


changes  in  Zn,  Cu,  and  Fe  content  caused  by 
alteration  or  contact  metamorphism. 

In  the  Hanover,  New  Mexico,  district  of 
"contact  metasomatic"  Zn-Cu  deposits,  of  the 
sediments  only  the  Devonian  (Percha)  fissile 
shale  contains  sufficient  Zn  (70  ppm  Zn,  48 
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ppm  Cu,  and  4  per  cent  Fe)  to  contribute 
significantly  to  the  metal  content  of  the  de- 
posits. However,  this  shale  has  the  same 
metal  content  (within  ±20  ppm  Zn  and  Cu 
and  within  ±  1  per  cent  Fe)  when  unaltered 
as  in  the  recrystallized  and  silicified  contact 
zone  (excluding  the  skarn).  Extraction  of 
20  ppm  Zn  from  the  altered  area  of  the  shale 
is  quantitatively  insufficient  to  account  for 
the  600,000  metric  tons  Zn  in  the  skarn  and 
ore  deposits  of  the  contact  zone. 

In  the  northern  Mississippi  Valley  district, 
neither  the  Maquoketa  shale  (35  ppm  Zn, 
65  ppm  Cu,  and  3  per  cent  Fe)  nor  the  oil 
rock  (20  ppm  Zn,  60  ppm  Cu,  and  7  per  cent 
Fe)  has  a  sufficient  metal  content  in  compari- 
son with  the  background  level  given  by  aver- 
age igneous  rock  (100  ppm  Zn,  70  ppm  Cu, 
and  5  per  cent  Fe)  to  be  the  source  for  the 
metals  in  the  deposits. 

Near  the  margins  of  the  San  Francisco  del 
Oro  district,  Chihuahua,  Mexico,  the  gradient 
of  Zn  content  from  the  veins  into  the  silicified 
wall  rocks  passes  through  a  minimum  below 
that  of  unaltered  shale  ( 123  ppm  Zn,  75  ppm 
Cu,  and  5  per  cent  Fe).  However,  the  quan- 
tity of  zinc  shown  by  this  gradient  to  have 
been  extracted  from  the  shale  is  only  a  negligi- 
ble fraction  of  the  metal  content  of  the  entire 
deposit. 

It  is  quantitatively  impossible  for  the  metal 
content  of  these  three  districts  to  have  been 
derived  from  the  surrounding  Paleozoic  or 
younger  sediments  by  lateral  secretion. 

(1312)  Dimerization  of  trans-cmnamic  to  a- 
truxillic  acid.  E.  D.  Eanes  and  G.  Don- 
nay.   Z.  Krist.,  Ill,  368-371,  1959. 

The  solid-state  reaction  takes  place  near  the 
(010)  surface  of  /nz^-cinnamic  acid  crystals. 
The  resulting  oc-truxillic  acid  consists  of  a 
powder  which  does  not  show  any  preferred 
orientation.  Knowing  the  crystal  structure  of 
trans-cmndiVCiic  acid  (Ladell,  private  commu- 
nication) and  the  crystal  data  of  a-truxillic 
acid  (Cc,  0=16.09,  £  =  5.67,  c- 16.35  A,  all 
±0.3  per  cent,  |3  =  99°50'±5',  Z  =  4),  it  is 
easy  to  predict  the  motion  of  molecules  re- 
quired by  the  dimerization  process,  but  it  has 
not  been  possible  to  derive  a  unique  hy- 
pothesis for  the  crystal  structure  of  the  reac- 
tion product. 


(1313)  Radioactive  fallout  particularly  from  the 
Russian  October  series.  W.  F.  Libby. 
Proc.  Natl.  Acad.  Sci.  U.  S.,  45,  959- 
976,  1959. 

Rain  measurements  showed  during  the  first 
5  months  of  1959  that  the  fallout  rate  in 
Washington,  D.  C,  was  about  1.3  mc/mi2/ 
month,  corresponding  to  a  minimum  resi- 
dence time  of  the  Russian  October  1958  fall- 
out of  about  6  months.  This  is  much  shorter 
than  the  residence  times  that  have  been  ob- 
served for  equatorial  explosions  ejecting  ma- 
terial into  the  stratosphere.  The  conclusion 
is  that  the  stratospheric  residence  time  is 
longer,  presumably  about  5  years,  for  an  equa- 
torial injection  than  it  is  for  polar  injection 
as  occurred  in  the  October  1958  Russian  test 
series.  The  residence  time  for  polar  injection 
is  about  1  year  or  possibly  a  little  less.  On 
the  basis  of  these  results  the  future  strontium 
90  fallout  is  predicted. 

(1315)  Structural  mechanism  of  thermal  and 
compositional  transformations  in  sili- 
cates. G.  Donnay,  }.  Wyart,  and  G. 
Sabatier.    Z.  Krist.,  112,  161-168,  1959. 

Whereas  a  thermal  transformation  is  either 
displacive  or  reconstructive  (Buerger),  a  com- 
positional transformation  is  always  displacive, 
either  first  or  higher  order. 

Any  silicate  transformation  involves  a  re- 
arrangement of  the  building  blocks  of  tetra- 
hedra.  It  can  result  from  either  one  or  both 
of  two  causes:  (1)  Changes  in  the  sizes  of 
the  cations  outside  the  tetrahedra  and  in  the 
ratios  of  their  effective  radii;  this  mechanism 
can  operate  in  the  dry  state.  (2)  Changes  in 
the  Si-Al  distribution,  due  to  the  recently 
proved  Si-Al  mobility  in  the  solid  state;  a 
mechanism  is  proposed  with  water  as  neces- 
sary catalyst:  tetrahedra  are  pried  open  and 
closed  by  diffusing  protons  and  hydroxyl  ions. 

(1316)  Mineral  separation  with  asymmetric  vi- 
brators. H.  Faul  and  G.  L.  Davis. 
Am.  Mineralogist,  44,  1076-1082,  1959. 

Separation  of  minerals  for  geologic  age  de- 
termination has  been  facilitated  by  using  de- 
vices based  on  the  principle  of  asymmetric 
vibration.  These  devices  are  particularly  use- 
ful in  minimizing  the  effects  of  friction  and 
grain  interaction  which  tend  to  reduce  the 
sensitivity  of  separation. 
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(1317)  Effect  of  pressure  on  the  melting  points 
of  eight  alkali  halides.  S.  P.  Clark,  Jr. 
/.  Chem.  Phys.,  31,  1526-1531,  1959. 

The  melting  curves  of  the  alkali  chlorides 
and  the  sodium  halides  have  been  determined 
at  high  pressures.  The  results  can  be  repre- 
sented within  experimental  error  by  Simon's 
equation.  Comparison  of  the  slope  of  the 
melting  curve  at  low  pressure  with  measure- 
ments of  the  changes  of  volume  and  entropy 
upon  fusion  suggests  that  the  latter  data  are 
systematically  in  error. 

(1318)  The  stability  relations  of  magnesiorie- 
beckite.  W.  G.  Ernst.  Geochim.  et 
Costnochim.  Acta,  19,  10-40,  1960. 

Magnesioriebeckite,  °  Na2Mg3Fe2  3+Si8022- 
(OH)2,  has  been  synthesized  hydrothermally 
and  its  stability  field  determined.  The  physi- 
cal parameters  that  determine  experimental 
phase  equilibria  include  the  partial  pressure 
of  oxygen  as  well  as  the  temperature  and 
vapor  (  =  total,  largely  H20)  pressure. 

The  stability  field  of  magnesioriebeckite  is 
bounded  by  surfaces  within  a  Po-Pr&vor-T 
volume.  Pyapor-T  diagrams  represent  projec- 
tions along  the  Fo2  axis.  Three  Pvapor-7*  dia- 
grams are  presented  for  magnesioriebeckite, 
each  determined  using  a  different  buffer.  At 
low  vapor  pressure,  magnesioriebeckite  breaks 
down  to  a  high-temperature  assemblage  con- 
sisting of  one  or  two  iron  (  +  Mg)  oxides, 
an  olivine,  Na20,5(Mg,Fe)0-12Si02,  acmite 
or  Na202(Mg,Fe)06Si02,  and  vapor.  At 
vapor  pressures  greater  than  about  200  bars, 
magnesioriebeckite  melts  incongruently  to  one 
or  two  iron  (+Mg)  oxides,  an  olivine, 
Na205(Mg,Fe)0  12Si02,  liquid,  and  vapor. 
Above  300  to  500  bars  vapor  pressure,  mag- 
nesioriebeckite melts  incongruently  to  one  or 
two  iron  (  +Mg)  oxides,  an  olivine,  an  ortho- 
pyroxene,  liquid,  and  vapor. 

Values  of  AH  for  reactions  involving  mag- 
nesioriebeckite have  been  calculated;  heats  of 
reaction  are  similar  to  those  for  the  break- 
down of  other  hydrous  minerals.  Optical 
properties  of  synthetic  magnesioriebeckite 
vary  in  response  to  Po2  and  T.  The  effect  of 
the  partial  oxygen  pressure  on  the  composi- 
tion and  stability  relations  of  minerals  syn- 
thesized in  this  study  again  illustrates  the 
petrologic  importance  of  this  variable. 

Results  of  the  investigation  indicate  that 
magnesioriebeckite  is  stable  at  magmatic  tem- 


peratures; the  existence  of  an  intermediate 
member  of  the  magnesioriebeckite-riebeckite 
series  as  an  authigenic  mineral  suggests  that 
magnesioriebeckite  is  also  stable  at  very  low 
temperatures.  Since  it  has  a  wide  Pyapor-T 
range,  the  restricted  natural  occurrence  of 
magnesioriebeckite  results  chiefly  from  the 
rare  fulfillment  of  hypersodic  chemical  con- 
ditions. 

(1319)  Pseudoleucite  in  a  tinguaite  from  the 
Bearpaw  Mountains,  Montana.  E.  G. 
Zies  and  F.  Chayes.  /.  Petrology,  1,  86- 
98,  1960. 

The  article  presents  chemical  analyses  of 
the  pseudoleucite  and  groundmass  of  a 
pseudoleucite  tinguaite,  chemical  analyses  of 
the  principal  minerals,  chemical  estimates  of 
the  mode  of  the  groundmass,  and  both  chem- 
ical and  micrometric  modes  of  the  pseudo- 
leucite. The  principal  minerals  are  heden- 
bergitic  acmite,  a  nepheline  containing  2.3 
per  cent  Fe2Os  and  7.9  per  cent  K20,  and 
K-feldspar  containing  a  little  BaO  and  very 
little  Na20.  The  micrometric  mode  of  the 
pseudoleucite,  in  satisfactory  agreement  with 
the  chemical  mode,  is  nepheline  29.8  per 
cent,  K-feldspar  66.2  per  cent,  acmite  3.0  per 
cent;  the  chemical  mode  of  the  groundmass 
is  nepheline  26.8  per  cent,  K-feldspar  46.6 
per  cent,  and  acmite  26.7  per  cent.  A  new 
analysis  of  a  nepheline  from  the  Bancroft 
area,  made  to  test  the  analytical  procedure, 
is  also  included. 

(1320)  Annual  report  of  the  Director  for  1958- 
1959. 

(1321)  Apparatus  for  phase-equilibrium  meas- 
urements at  pressures  up  to  50  kilobars 
and  temperatures  up  to  1750°C.  F.  R. 
Boyd  and  J.  L.  England.  /.  Geophys. 
Research,  65,  741-748,  1960. 

Construction  and  calibration  of  apparatus 
utilizing  a  solid  pressure  medium  for  phase- 
equilibrium  studies  at  elevated  temperatures 
and  pressures  are  described.  Pressure  cali- 
bration is  carried  out  by  measurement  of  the 
Bi  I-Bi  II  and  Tl  II— Tl  III  transitions.  A  new 
determination  of  the  thallium  transition, 
37.1  ±1.3  kilobars,  is  given.  Tests  indicate 
that  talc  is  superior  to  pyrophyllite  and  boron 
nitride  as  a  solid  pressure  medium  for  high- 
temperature  work. 
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(1322)  The  quartz-coesite  transition.  F.  R. 
Boyd  and  J.  L.  England.  /.  Geophys. 
Research,  65,  749-756,  1960. 

The  quartz-coesite  transition  curve  has 
been  determined  over  the  temperature  range 
700°  to  1700°C  in  the  pressure  range  20  to 
40  kilobars.  The  equation  for  the  curve  is 
P=  19.5  + 0.01 12T,  where  P  is  in  kilobars 
and  T  is  in  degrees  centigrade.  The  deter- 
mination was  made  with  an  internally  heated 
tungsten  carbide  pressure  vessel  utilizing  talc 
for  a  pressure  medium.  The  results  of  some 
runs  on  the  quartz-coesite  transition  with  an 
anvil  apparatus  are  described.  These  data  are 
in  poor  agreement  with  the  determination 
cited  above,  and  the  difference  is  interpreted 
as  an  effect  of  pressure  gradients  in  quartz- 
coesite  runs  in  the  anvil  apparatus.  Quartz 
could  not  invert  to  coesite  in  the  earth  at 
depths  less  than  about  100  km,  and  it  is 
therefore  unlikely  that  coesite  has  formed  in 
crustal  rocks. 

(1324)  Occurrence  of  normative  sodium  meta- 
silicate  in  Washington's  tables.  F. 
Chayes.  Bull.  Geol.  Soc.  Am.,  71,  503- 
504,  1960. 

Normative  sodium  metasilicate  (ns)  occurs 
only  in  the  norms  of  certain  alkaline  rocks. 
Alkaline  rocks  comprise,  in  all  probability, 
less  than  1  per  cent  of  the  lithosphere  but 
account  for  between  a  quarter  and  a  third  of 
all  analyses  of  igneous  rocks.  The  relative 
frequency  of  ns  in  tables  of  rock  analyses 
is  thus  not  a  reliable  indicator  of  the  im- 
portance of  "excess  alkalies" — i.e.,  alkalies  in 
excess  of  available  R203 — in  the  lithosphere. 
Current  speculations  concerning  the  role  of 
ns  in  crystal  fractionation  are  neither  con- 
firmed nor  denied  by  arguments  based  on 
the  relative  frequency  of  ns  in  tables  of  rock 
analyses. 

(1325)  The  nature  of  residual  liquids  from 
crystallization,  with  data  on  the  system 
nepheline-diopside-silica.  J.  F.  Schairer 
and  H.  S.  Yoder,  Jr.  Am.  J.  Sci.,  258-A, 
273-283,  1960. 

The  phase-equilibrium  relations  in  the  sys- 
tem nepheline-diopside-silica  have  been  de- 
termined. The  join  albite-diopside,  although 
it  is  not  binary,  divides  this  system  into  two 
parts,  a  silica-rich  part  with  silica  as  one  of 
the    solid    phases    in   completely   crystallized 


mixtures,  and  a  nepheline-rich  part  with 
nepheline  as  one  of  the  solid  phases  in  the 
final  crystallization  product.  In  the  system 
nepheline-diopside-silica  the  primary  phases 
are  diopside  (probably  an  aluminous  diop- 
side  solution),  complex  nepheline  solid  solu- 
tions, carnegieite  solid  solutions,  sodic  plagi- 
oclases,  forsterite,  tridymite,  and  cristobalite. 
The  join  jadeite-diopside  is  not  unique  in 
this  system  at  1  atm  pressure,  and  jadeite  is 
not  encountered  as  a  solid  phase. 

The  results  support  Bowen's  contention  that 
through  fractionation  a  magma  is  impover- 
ished in  the  early-crystallizing  minerals  (in 
this  case  diopside)  and  yields  residual  liquids 
rich  in  the  alkali  aluminosilicates. 

The  nature  of  the  albite-diopside  join  in- 
dicates that  no  single  anhydrous  composition 
can  yield  a  liquid  which  through  fractiona- 
tion produces  both  a  silica-rich  and  a  nephe- 
line-rich residue. 

There  is  a  reaction  relation  between  olivine 
and  diopside,  which  should  be  as  important 
in  the  alkali  basalts  as  the  olivine-hypersthene 
reaction  relation  is  in  the  tholeiitic  basalts. 

(1326)  High-pressure  form  of  analcite  and  free 
energy  change  with  pressure  of  analcite 
reactions.    H.  S.  Yoder,  Jr.,  and  C.  E. 

Weir.  Am.  J.  Sci.,  258-A,  420-433,  1960. 

The  compressibility  of  four  natural  anal- 
cites  has  been  obtained  up  to  10,000  atm  at 
25 °C.  All  specimens  show  abnormal  com- 
pressibility [(3(3/3P)r>0]  and  one  exhibits 
a  reversible  transition  at  about  8400  atm. 
Abnormal  increase  of  compressibility  with 
pressure  usually  precedes  a  transition,  and  it 
is  suggested  that  a  similar  transition  lies  at 
higher  pressures  than  those  investigated  for 
the  three  remaining  specimens. 

The  compressibility  and  density  data  were 
used  with  previously  obtained  data  to  com- 
pute the  volume  change  and  free  energy 
change  with  pressure  for  the  reactions  2  an- 
alcite <=±  nepheline  +  albite  +  2  water,  analcite 
±±  jadeite  +  water,  and  analcite  +  quartz  <=±  al- 
bite +  water.  The  volume  change  for  these 
reactions  proceeding  to  the  right  is  negative 
for  all  pressures  investigated  at  25 °C. 

The  analcite  exhibiting  the  transition 
showed  an  increase  in  birefringence  after 
compression,  which  is  attributed  either  to 
strain  induced  by  the  volume  discontinuity 
or  to  retention  of  a  possible  lower  symmetry 
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of  the  high-pressure  form.  Lower  symmetry 
in  a  high-pressure  form  is  not  uncommon  in 
previously  investigated  substances. 

(1327)  Pelitic  gneisses  with  varying  ferrous/fer- 
ric ratios  from  Glen  Clova,  Angus,  Scot- 
land. G.  A.  Chinner.  /.  Petrology,  1, 
178-217,  1960. 

The  influence  of  varying  contents  of  ferric 
and  ferrous  iron  on  the  mineral  assemblages 
developed  in  regionally  metamorphosed  pelit- 
ic gneisses  from  Glen  Clova,  Angus,  is  con- 
sidered on  the  basis  of  petrographic,  chemi- 
cal, and  X-ray  data.  The  rocks  described 
are  essentially  quartz-oligoclase-muscovite-bi- 
otite-garnet-kyanite-oxide  minerals  gneisses, 
with  oxidation  ratios 

2Fe2O3Xl00\ 
2Fe203  +  FeO/ 

varying  from  6  to  75;  rocks  of  widely  vary- 
ing oxidation  ratio  may  be  found  intimately 
interbedded. 

Increasing  oxidation  ratios  in  these  rocks 
are  accompanied  by  increasing  amounts  of 
muscovite  and  iron  oxides  and  decreasing 
amounts  of  biotite  and  garnet.  The  relation- 
ship between  interbedded  layers  of  varying 
oxygen  content  may  be  represented  by  the 
equation 

Fe++  eastonite  (biotite)  +  almandine  +  O 

=  muscovite  +  iron  oxides  +  quartz 

However,  the  magnesium  content  of  the  rocks 
is  contained  almost  exclusively  in  biotite,  and 
the  manganese  content  in  garnet.  Diminish- 
ing amounts  of  these  minerals  with  increas- 
ing rock  oxidation  ratios  are  thus  accom- 
panied by  major  increases  in  the  MgO/FeO 
ratios  of  the  biotites,  and  in  the  MnO/FeO 
ratios  of  the  garnets. 

The  rocks  may  be  more  precisely  classified 
on  the  basis  of  the  oxide  minerals  they  con- 
tain: (1)  ilmenite-magnetite-bea.ring  assem- 
blages, embracing  rocks  of  oxidation  ratio 
0-37;  (2)  ilmenite-magnetite-hematite-beanng 
assemblages  developed  in  rocks  of  oxidation 
ratio  approximately  40;  (3)  magnetite-hema- 
#A?-bearing  assemblages,  embracing  rocks  of 
oxidation  ratio  in  excess  of  approximately  43. 
(1)  and  (3)  are  interpreted  as  "univariant" 
assemblages  at  constant  T  and  P;  for  every 
rock  oxidation  ratio  there  is  a  specific  com- 
position for  each  mineral  present,  and  it  is  in 


(3)  that  the  major  increase  in  biotite 
MgO/FeO  ratio  and  in  garnet  MnO/FeO 
ratio  is  found.  (2)  is  interpreted  as  an  as- 
semblage "invariant"  at  constant  T  and  P, 
in  which  over  a  limited  range  of  rock  oxi- 
dation ratios  the  compositions  of  the  minerals 
are  constant,  variations  in  rock  oxygen  con- 
tent being  accommodated  by  varying  propor- 
tions of  magnetite,  ilmenite,  hematite,  and 
silicate  minerals. 

The  confinement  of  rocks  of  varying  oxida- 
tion ratio  to  well  defined  sedimentary  bands 
suggests  that  the  differences  in  oxygen  content 
are  of  premetamorphic,  diagenetic  origin;  a 
correlation  between  oxidation  ratio  and  both 
the  manganese  and  total  iron  contents  of  the 
rocks  is  believed  to  support  this.  This  con- 
clusion is  in  harmony  with  recent  suggestions 
that  during  regional  metamorphism  rocks  in 
general  behave  as  narrowly  defined  units 
"closed"  to  oxygen,  the  oxygen  partial  pres- 
sure in  each  unit  being  determined  by  the 
mineral  assemblage,  and  hence  the  original 
oxygen  content,  rather  than  being  externally 
imposed.  It  is  suggested  that  the  failure  of 
adjacent  layers  of  differing  oxygen  content  to 
reach  equilibrium  with  each  other  is  the  re- 
sult of  a  relatively  low  "oxidizing"  or  "re- 
ducing" capacity  of  the  vapor  phase,  due  to 
the  much  greater  mass  of  the  solids  than  of 
the  vapor  present. 

Examples  of  reduction  of  ferric  iron  in 
many  thermal  aureoles  indicate  that  the  ther- 
mal metamorphic  environment,  unlike  the  re- 
gional, is  generally  "open"  to  oxygen.  It  is 
suggested  that  this  difference  is  due  to  a 
greater  mobility  of  "water"  within  the  abrupt 
thermal  gradients  of  an  aureole,  and  to  the 
control  of  the  oxygen/hydrogen  content  of 
this  "water"  by  the  iron-bearing  minerals  of 
the  intruded  melt. 

(1328)  The  crystal  structures  of  clinoenstatite 
and  pigeonite.  N.  Morimoto,  D.  E.  Ap- 
pleman,  and  H.  T.  Evans,  Jr.  Z.  Krist., 
114,  120-147,  1960. 

The  crystal  structures  of  the  two  mono- 
clinic  pyroxenes  clinoenstatite,  MgSi03,  and 
ferropigeonite,  (Ca,Mg,Fe)Si03,  have  been 
determined  from  two-dimensional  X-ray  dif- 
fraction data,  and  refined  by  Fourier  and 
least-squares  methods.  Bond  lengths  have 
been  determined  with  a  standard  error  of 
0.05  A.    Deviations  in  these  structures  from 
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that  of  diopside  have  been  elucidated  and 
explained  in  terms  of  crystal-chemical  prin- 
ciples. The  introduction  of  small  bivalent 
cations  into  the  single-chain  silicate  structure 
characteristic  of  diopside  is  shown  to  result 
in  the  production  of  two  crystallographically 
nonequivalent  chains  in  the  unit  cell,  with  a 
corresponding  change  in  the  space  group  from 
C2/c  to  P21/<r.  In  ferropigeonite  complete 
order  of  Ca  and  Mg  is  found  between  the 
two  metal  positions,  Mi  and  Mn,  while  Fe 


occupies  both  sites.  Analysis  of  the  coordina- 
tion environments  of  the  metal  atoms  in  the 
clinoenstatite,  pigeonite,  and  diopside  struc- 
tures indicates  that  the  larger  atoms,  where 
present,  occupy  the  Mi  positions  preferen- 
tially; thus  the  coordination  number  of  Mi  is 
eight  in  diopside,  seven  in  pigeonite,  and  six 
in  clinoenstatite,  while  the  coordination  num- 
ber of  Mn  is  six  in  all  three  structures.  The 
pigeonite  structure  appears  to  be  intermediate 
between  those  of  diopside  and  clinoenstatite. 
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Fig.  56.  Photomicrograph  of  an  area  of  the  polished  surface 
of  the  splinter  Da  175.14  that  was  used  for  X-ray  study  by  the 
Buerger  precession  method.  The  narrow  bright  lines,  most  of 
which  strike  NE-SW,  represent  lamellae  that  are  taken  to  be 
chalcopyrite.  The  elongated  light  gray  areas,  bordered  in  part 
by  darker  lines,  represent  crystals  that  are  taken  to  be  bornite. 
The  dark  lines  bordering  the  sides  of  these  crystals  are  taken  to 
be  iron-bearing  digenite.  Although  it  is  not  clear  in  the  photo- 
graph, dark  lines  border  the  chalcopyrite  lamellae.  The  back- 
ground, somewhat  darker  than  the  bornite,  is  the  residual  solid 
solution.  In  this  area  the  bornite  crystals  are  somewhat  larger 
than  in  most  of  the  section,  and  the  ratio  of  chalcopyrite  to 
bornite  is  somewhat  below  the  average  for  the  section.  The 
mottling  is  simply  a  technical  defect  of  the  photography. 
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INTRODUCTION 


What  are  the  goals  of  basic  research  in 
the  natural  sciences?  Are  they  so  un- 
planned and  accidental  that  no  man  can 
guide  or  evaluate  the  curiosity  of  another  ? 
Must  research  establishments  only  give 
blind  support  to  the  whims  of  a  few  self- 
willed  persons  who  have  acquired  a  stand- 
ard set  of  scholarly  qualifications?  Or, 
perhaps,  is  financial  authority  most  wisely 
used  if  it  selects  technical  areas  that  have 
prospects  of  industrial  or  medical  or  gov- 
ernmental importance  and  then  generously 
supports  those  investigators  who  are  will- 
ing to  be  curious  about  technical  points, 
or  even  minutiae,  in  these  preselected 
areas  ? 

If  basic  research  is  chiefly  of  value  be- 
cause it  leads  to  new  technological  "break- 
throughs" or  new  industrial  expansion  and 
advantages,  and  if  the  research  process  is 
simply  the  examining  of  all  the  promising 
bright  pebbles  on  one's  own  limited  beach, 
or  the  broadcasting  of  exotic  seeds  over  a 
partially  desert  region,  to  grow  luscious 
melons  by  accident,  the  successful  guid- 
ance of  a  research  establishment  surely 
no  longer  requires  the  special  protection  of 
an  endowment  fund.  This  procedure  of 
systematic  combing  of  promising  technical 
areas  is  now  widely  and  generously  sup- 
ported. 

The  tremendous  growth  of  expenditures 
for  research  and  development  authorized 
in  successive  years  over  the  past  two 
decades  by  the  executives  and  the  manage- 
ment boards  of  industry  and  by  the  au- 
thorities of  our  federal  government,  espe- 
cially in  areas  of  public  health  and  the 
military  technologies,  has  given  multi- 
billion-dollar  support  to  views  of  this  gen- 
eral type  concerning  the  guidance  and 
support  of  research  by  working  in  pre- 
selected areas.  The  conviction  that  front- 
rank  status  for  a  society  can  be  purchased 
by  straightforward  fiscal  management,  at 
least  in  those  areas  of  scholarly  accomplish- 
ment "which  really  count"  among  modern 


nations,  namely  the  areas  which  provide 
the  facts  and  ideas  that  are  the  technical 
raw  materials  for  modern  industrial  and 
military  power,  has  now  been  widely,  per- 
haps almost  universally,  accepted  among 
the  active  managers  of  affairs  in  the  United 
States.  Many  other  national  groups,  at 
least  among  the  industrial  powers  of  the 
world,  seem  to  be  taking  the  same  position. 

What  are  the  views  of  the  research  man 
himself?  They  depend,  of  course,  on  his 
individual  temperament,  his  own  motiva- 
tions, and  his  current  allegiance  or  job. 
Certainly  in  physics  and  chemistry,  and  to 
a  lesser  extent  in  various  other  subject 
areas,  a  new  type  of  personality  has  in  re- 
cent years  come  to  dominate  the  research 
scene — not  the  traditional  research  scholar 
seeking  new  truth  and  more  basic  relation- 
ships and  understanding,  but  the  man  of 
affairs,  who  controls  the  activities  of  others 
and  is  a  public  figure  to  be  reckoned  with 
in  the  execution  of  public  policy.  Regard- 
less of  their  advanced  scholarly  degrees, 
such  persons  are  the  businessmen  of  the 
research  world;  they  speak  to  and  are  un- 
derstood by  the  industrial  boards  of  di- 
rectors and  committees  of  Congress.  Their 
personal  decisions  with  respect  to  the  fiscal 
emphasis  deserved  by  various  special  re- 
search areas  in  the  natural  sciences  are 
translated  into  budgets  and  into  huge  re- 
search and  development  establishments. 

But  there  are  other  research  men,  and 
it  is  these  others  who  actually  put  forth 
the  original  ideas  and  carry  out  the  re- 
search work,  not  the  policy  makers  whose 
budgets  are  approved.  What  do  these  less 
conspicuous  individuals  view  as  the  chief 
aims  of  basic  research?  Here  again  the 
answer  today  is  diluted  by  the  response  of 
large  numbers  of  workers  who  carry  out 
the  complex  and  extensive  programs  of 
measurement  needed  by  applied  scientists 
in  technology  and  medicine.  "Basic  re- 
search" in  these  fields  often  means  sys- 
tematized  data  gathering,  with   a  mini- 
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mum  of  imaginative  variation.  Back- 
ground support  of  this  kind  for  a  definite 
field  of  application  is  necessary  for  any 
technology,  but  it  is  not  what  scholars 
have  hitherto  meant  by  basic  research  in 
the  natural  sciences.  By  the  same  criterion 
this  type  of  directed  study  is  not  the  pri- 
mary function  of  an  endowed  agency 
such  as  Carnegie  Institution  of  Washing- 
ton. 

A  scattered  group  of  individuals  still 
knows,  and  honors  by  their  efforts,  the 
traditional  goals  of  basic  research,  namely, 
to  increase  the  range  and  depth  of  man's 
knowledge  and  understanding.  In  spite  of 
the  more  conspicuous  establishments  of 
those  who  dedicate  their  energies  to  the 
accumulation  of  facts  for  use  in  technology 
or  war  or  medicine,  there  are  many  quiet 
research  men  in  the  natural  sciences, 
chiefly  in  the  academic  world,  who 
acknowledge  and  serve  the  precept  that 
the  goal  of  basic  research  is  fresh  aware- 
ness, and  "understanding"  in  the  broadly 
philosophical  sense  of  newly  perceived  re- 
lationships. 

In  our  many  staff  discussions  at  the  De- 
partment about  research  goals  and  the 
current  public  emphasis  on  research  activi- 
ties we  have  arrived  at  the  statement  that 
"basic  research  in  the  natural  sciences  as  a 
branch  of  the  humanities"  is  a  suitable  de- 
scription of  what  we  are  trying  to  do  here, 
and  an  aim  that  is  appropriate  to  the  un- 
usual degree  of  privilege  and  freedom 
made  possible  for  us  by  the  Institution's 
endowment.  Basic  research  in  this  hu- 
manistic sense  has  the  goal,  as  we  see  it,  "of 
increasing  and  sharpening  man's  aware- 
ness of  the  beautifully  intricate  and  orderly 
world  in  which  he  finds  himself." 

This  statement  of  the  purposes  of  a  re- 
search group  in  the  natural  sciences  is  per- 
haps unusual  in  its  emphasis  on  human 
awareness  and  appreciative  perception,  and 
in  its  deliberate  lack  of  emphasis  on  the 
straightforward  accumulation  and  study  of 
facts.  Of  course,  the  central  operation  in 
any  scientific  work,  in  terms  of  action,  is 
the  accumulation  and  study  of  facts,  and 


our  staff  members  are  as  diligent  as  any 
in  this  kind  of  activity.  But  they  also  rec- 
ognize the  creative  opportunity  that  lies 
in  their  freedom  to  select  their  own  kind 
of  fact  collecting  or  study,  and  to  move  on 
to  another  whenever  such  a  move  seems 
likely  to  give  greater  clarity  or  depth  of 
perception.  Thus  they  do  not  measure  their 
satisfactions  by  the  volume  of  accumulated 
facts  or  their  output  of  "completed" 
studies.  Our  formulation  of  the  aim  of 
basic  research  does  not  even  emphasize  the 
"understanding"  of  a  subject,  at  least  in 
the  sense  that  a  basic  test  of  understanding 
something  is  to  be  able  to  use  that  knowl- 
edge. Use,  in  this  sense,  often  means  ap- 
plication, or  increased  technological  ad- 
vantage. Instead,  we  here  emphasize 
awareness  and  beauty  and  relatedness.  Use- 
fulness is  not  a  harmful  attribute  of  a 
research  finding;  it  is  simply  a  by-product 
which  sometimes  follows  a  new  perception 
or  a  fresh  and  widely  shared  awareness. 

The  idea  of  guiding,  by  mutual  discus- 
sion and  counsel,  a  physics  research  staff 
which  has,  over  a  decade  or  more,  jointly 
reached  the  conviction  that  the  goal  of 
each  man  is  to  help  in  creating  for  all  "a 
sharpened  awareness  of  the  beautifully  in- 
tricate and  orderly  world  in  which  man 
finds  himself"  is  a  challenge  of  the  first 
magnitude.  It  would  be  challenge  enough 
for  a  reporter,  or  a  man  of  letters,  or  some 
other  observer  of  the  tremendous  impact 
of  science  and  technology  on  modes  of 
thinking  and  on  attitudes  and  values  in 
our  culture  and  elsewhere.  To  men  trained 
in  modern  physical  sciences  and  biology, 
and  especially  to  the  scholars  here  who 
themselves  participate  in  and  contribute 
to  the  advancing  research  front,  this  ex- 
pression of  a  duty  and  an  opportunity,  as 
embodied  in  a  Carnegie  staff  appointment, 
reaches  an  unexpressibly  high  level  of 
challenge.  It  is  not  surprising,  then,  that 
the  problems  on  which  our  attentions  have 
been  focused  cover  a  tremendous  range  in 
the  natural  sciences,  from  seeking  the 
identification  and  distances  of  the  most  re- 
mote objects  in  radio  astronomy  to  the 
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detailed  kinetics  and  intimate  specification 
of  the  mechanisms  of  synthesis  of  proteins 
and  nucleic  acids  in  living  cells.  The 
highly  individual  and  personal  satisfaction 
we  find  in  this  pattern  of  working  side 
by  side  each  day  can  show  only  dimly  in 
this  report.  We  are  engaged  in  efforts  to 
shed  fresh  light  on  fundamental  problems, 
each  man,  with  one  or  two  partners,  de- 
voted to  a  highly  specialized  aspect  of  his 
own  research  subject,  but  all  sharing  the 
same  conviction  as  to  the  importance  of 
human  awareness  of  beauty  and  order. 
This  is  the  real  motivation  underlying  all 
our  work  here,  and  an  annual  report 
seems  a  suitable  place  for  its  acknowledg- 
ment. 

The  impact  of  fresh  results  obtained 
with  great  and  powerful  new  instruments 
is  always  a  factor  of  importance  in  the 
natural  sciences.  Much  of  the  history  of 
physics,  during  the  last  six  or  eight  dec- 
ades, at  least,  has  been  a  record  of  fresh 
perception  and  new  analysis  growing  di- 
rectly out  of  the  exploration  of  a  special 
technical  area  by  new  and  powerful  equip- 
ment. Biochemistry  and  molecular  bi- 
ology acknowledge  a  similar  debt  to  new 
apparatus.  Technology  is  often  the  insti- 
gator of  scientific  progress  by  making  pos- 
sible new  extremes  of  experimental  con- 
ditions. It  is  not  always  feasible,  or  even 
wise,  to  provide  each  local  group  of  special- 
ists, however  highly  qualified  and  imagina- 
tive they  may  be,  with  the  best  and  latest 
design  of  specialized  laboratory  equip- 
ment. Some  subject  areas  demand  huge 
and  expensive  equipments  for  the  study 
of  a  very  limited  range  of  questions,  and 
after  five  or  seven  years  of  work  in  several 
laboratories,  the  further  usefulness  of  a 
special  installation  may  be  expected  to  be 
small. 

When  an  area  of  research  is  being  pio- 
neered, it  is  clearly  wise  to  support  the 
small  and  vigorous  groups  who  risk  their 
efforts  in  it  by  providing  them  promptly 
with  at  least  a  modest  local  equipment  of 
their  own,  so  that  many  individuals  work 


independently  toward  the  larger  patterns 
of  activity,  which  are  often  quite  unclear 
in  the  early  stages.  After  a  decade  or  two, 
however,  the  technical  requirements  be- 
come clear  enough — and  the  best  equip- 
ment becomes  large  and  expensive.  In 
this  phase  it  seems  wise  to  join  forces 
with  others  in  cooperative  arrangements, 
or  otherwise  to  leave  for  the  work  of 
huge  government-supported  establishments 
those  problems  which,  however  interesting 
their  detailed  solution  may  be,  require  in- 
vestments of  tens  or  hundreds  of  thou- 
sands of  man-hours  for  the  construction  of 
the  equipment  (and  sometimes  for  just 
obtaining  the  observations,  as  in  rocket 
and  satellite  studies,  or  antarctic  expedi- 
tions) . 

We  have  been  facing  a  situation  of  this 
kind  in  our  nuclear  physics  work.  After 
many  years  of  productive  usefulness  our 
nuclear  physics  equipment,  centered  on  a 
4-million-volt  pressure-type  Van  de  Graaff 
generator  (completed  1937)  and  a  60-inch 
cyclotron  (32-Mev  alpha  particles;  com- 
pleted 1943),  has  reached  obsolescence.  Re- 
construction of  the  cyclotron  (for  con- 
trolled variable  energy)  can  give  it  another 
period  of  major  usefulness,  but  this  will 
require  a  considerable  investment  of  funds 
and  the  detailed  efforts  of  some  highly 
trained  man  who  loves  to  construct  facili- 
ties. Knowing  this,  our  two  or  three  staff 
men  specializing  in  nuclear  physics  have 
been  facing  some  uncertainty  for  the  past 
several  years.  Two  major  attempts  to  ob- 
tain a  polarized  proton  beam,  which  would 
give  our  present  equipment  fresh  useful- 
ness, were  not  successful,  and  this  advance 
may  not  prove  possible  for  some  years  to 
come. 

The  situation  was  changed  abruptly  dur- 
ing the  course  of  the  year  by  an  invitation 
from  the  Florida  State  University  for  our 
two  nuclear  physics  specialists  to  join  the 
Florida  faculty  and  utilize  for  their  re- 
searches, and  for  advanced  students,  the 
magnificent  new  12-million-volt  "tandem 
generator"  which  was  just  being  installed 
in  Tallahassee.  This  new  instrument,  the 
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third  of  its  kind,  was  purchased  by  the 
state  of  Florida  to  provide  an  opportunity 
for  work  of  first  quality,  and  they  needed 
a  research  faculty  with  experience  in  using 
this  type  of  specialized  equipment.  Our 
staff  men,  Dr.  Heydenburg  and  Dr.  Tem- 
mer,  were  not  willing,  to  our  pleased  sur- 
prise, to  relinquish  the  freedom  and  chal- 
lenge of  their  Carnegie  appointments  and 
join  the  Florida  faculty,  even  with  the 
opportunity  offered  by  the  tandem  gen- 
erator for  measurements  they  most  wanted 
to  make.  This  situation  clearly  demanded 
some  creative  imagination  in  administra- 
tion; the  proposal  was  made  to  all  con- 
cerned that  our  two  men  should  be  sta- 
tioned at  Florida,  as  DTM  staff  members, 
for  two  or  three  years,  leaving  for  future 
decision  the  problem  of  "permanent"  ar- 
rangements. They  remain  full-time  Car- 
negie staff  members,  but  to  give  them 
status  and  authority  also  in  University 
matters  each  man  was  made  a  full  Pro- 
fessor, with  a  partial  salary  added  to  his 
Carnegie  stipend.  This  arrangement  was 
proposed  and  effected  during  the  course 
of  a  few  weeks  in  mid-winter,  and  both 
men  have  been  installed  and  at  work  in 
Florida  since  mid-January.  The  new  equip- 
ment has  been  given  its  shakedown  tests, 
and  the  coveted  nuclear  measurements 
are  in  progress,  with  a  whole  group  of 
younger  colleagues  now  participating. 
This  last  fact  reduces  the  sense  of  loss 
created  by  their  absence  from  our  discus- 
sions here. 

The  detailed  analysis  of  the  five-station 
study  of  the  "equatorial  electro]  et"  in  the 
upper  atmosphere  above  Peru,  which  was 
one  of  the  two  major  IGY  efforts  of  the 
Department,  was  completed  during  the 
last  half  of  the  report  year  by  Forbush  and 
Mateo  Casaverde,  visiting  investigator 
from  the  Instituto  Geofisico  de  Huancayo. 
The  analysis  clearly  defined  the  north  and 
south  boundaries  of  the  electrojet  current 
in  the  ionosphere,  and  gave  some  indica- 
tion of  an  anomalously  high  conductivity 
for   the   earth   currents    induced   by    the 


electrojet,  at  modest  depths  in  the  earth's 
crust  in  southern  Peru.  Further  details  of 
the  storm  current  system  overhead  are 
now  being  sought  in  data  from  various 
rocket  flights,  especially  in  the  auroral 
zone,  and  a  study  of  many  records  of  sud- 
den commencements  at  night  is  needed  to 
determine  whether  an  anomalous  band  of 
high  electrical  conductivity  is  actually 
present  in  the  upper  mantle  below  Peru. 

The  Department's  former  program  of 
ionosphere  studies  by  radio  methods,  be- 
gun in  1924,  has  become  during  the  last 
decade  a  full-range  program  in  radio 
astronomy.  Three  extended  antenna  ar- 
rays (1  km  long)  at  two  frequencies  are 
used  for  studies  of  the  radio  emissions  of 
the  sun.  During  this  year  a  new  solar  ob- 
serving equipment  was  developed  (by  a 
Carnegie  Fellow  from  Finland,  Mr.  J. 
Riihimaa),  which  sweeps  the  frequency 
range  from  30  to  18  megacycles  several 
times  per  second,  to  observe  the  rapidly 
moving  disturbances  which  rise  through 
the  higher  levels  of  the  solar  atmosphere. 
Duplicates  of  the  solar  array  instru- 
ments have  been  provided  to  our  col- 
laborators in  Chile,  Argentina,  and 
Uruguay,  and  three  of  the  new  sweep-fre- 
quency sets  are  in  process  of  construction 
for  loan  to  South  America  and  to  Finland. 
Adjacent  to  the  solar  arrays,  we  operate 
as  an  interferometer  two  large  reflector 
arrays,  each  600  feet  long,  for  precision  de- 
termination (to  several  square  minutes  of 
arc)  of  the  positions  of  radio  sources  of 
small  angular  size.  This  equipment  de- 
mands the  ultimate  in  low-noise  observa- 
tional technique,  and  much  of  the  effort 
during  the  report  year  has  been  spent  on 
parametric  amplifiers,  which  still  yield  a 
somewhat  unsatisfactory  performance  as 
the  report  year  ends.  The  big  develop- 
ment of  the  year  has  been  the  installation 
and  testing  of  the  Department's  excellent 
60-foot  parabolic  reflector.  This  instrument 
has  not  yet  made  major  contributions  to 
the  observing  program,  because  installa- 
tion and  testing  required  many  months, 
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but  it  is  now  "on  the  sky"  after  highly 
satisfactory  tests. 

The  observational  survey  of  hydrogen 
clouds  among  the  stars  of  our  galaxy,  in- 
cluding near-by  clouds  and  the  delineation 
of  the  spiral  arms,  along  with  other 
marked  aggregations  of  hydrogen  (as  at 
the  center  of  the  galaxy)  has  been  carried 
to  completion  using  the  26-foot  equatori- 
ally  mounted  parabola  which  was  installed 
on  the  lawn  at  the  main  building  of  the 
Department  in  1952.  This  survey,  taken 
with  the  54-channel  multifrequency  re- 
corder to  define  the  hydrogen  Doppler 
velocities,  covers  all  the  sky  that  is  visible 
from  Washington  and  has  observation 
points  spaced  about  3°  apart;  the  beam  of 
this  small  parabola  is  roughly  2°  by  3°  at 
the  hydrogen  frequency  of  1420  megacycles 
per  second.  Part  of  the  survey  has  been 
published;  it  shows  much  the  same  fea- 
tures as  the  earlier  Dutch  survey.  Carne- 
gie funds  have  been  made  available  to 
build  a  duplicate  of  this  multichannel  re- 
ceiver for  installation  in  South  America 
to  observe  the  southern  sky,  and  at  the 
close  of  the  report  year  a  grant  was  made 
to  the  Institution  by  the  National  Science 
Foundation  to  underwrite  the  cost  of  train- 
ing several  Latin  Americans,  installing  a 
new  parabola  on  the  equatorial  mount,  and 
moving  the  equipment  to  a  southern  lati- 
tude, probably  in  the  vicinity  of  Buenos 
Aires. 

Our  program  for  studies  of  the  earth's 
crust,  which  aims  to  provide  data  and 
ideas  for  further  illumination  of  geological 
history,  especially  in  the  long  epochs  be- 
fore the  Cambrian  period,  went  forward 
vigorously  on  two  fronts  during  the  report 
year.  The  mass  spectrograph  work  on  iso- 
topes, measuring  ages  of  minerals  in  an- 
cient rocks,  completed  a  long  series  of 
North  American  samples,  and  measured 
specimens  from  northern  Europe  and  the 
Middle  East.  The  results  gave  further  in- 
dication of  several  disturbed  periods  of 
great  tectonic  activity,  during  two  billion 
years  of  Precambrian  time,  separated  by 
long  epochs  that  were  relatively  quiet.  The 


seismic  studies,  which  seek  clues  to  geo- 
logical history  by  characterizing  the  fea- 
tures of  the  earth's  crust  as  we  find  it  now, 
have  included  a  highly  fruitful  expedition 
to  Montana,  in  collaboration  with  the  Uni- 
versity of  Wisconsin,  for  studies  of  explo- 
sion waves  propagated  in  the  crust,  and 
the  installation  of  eleven  recording  vertical 
seismographs,  suitable  for  recording  weak 
local  earthquakes,  in  Peru,  Bolivia,  and 
Chile.  These  instruments  are  intended  to 
examine  the  very  large  attenuation  of  seis- 
mic waves  under  the  Andes  ranges  and 
the  Altiplano  which  was  observed  by  the 
Carnegie-IGY  Expedition  there  in  1957. 
This  work  requires  a  large  measure  of  in- 
ternational cooperation  and  simultaneous 
observation,  and  may  take  several  years  to 
bear  fruit,  despite  the  fact  that  some  of  the 
stations  are  recording  more  than  thirty 
small  quakes  per  day.  The  explosion  seis- 
mology work  of  the  Department  over  the 
past  dozen  years  has  also  become  a  matter 
of  considerable  official  interest  by  reason  of 
the  Geneva  Conference  and  the  problems 
encountered  in  detecting  buried  explosions. 
A  major  fraction  of  the  scientific  effort 
of  the  Department  continues  to  be  devoted 
to  biophysics,  and  the  problems  posed  and 
results  obtained,  in  the  study  of  the  dy- 
namics of  the  synthesis  of  proteins  and 
nucleic  acids  by  intact  living  cells,  are  fresh 
and  striking.  For  several  years  our  small 
group  here  has  been  concerned  with  speci- 
fying the  site  or  sites  of  synthesis  among 
the  morphological  structures  of  the  bac- 
terial cell.  The  use  of  suitable  radioactive 
tracers,  normally  introduced  as  an  abrupt 
pulse  given  to  a  rapidly  growing  colony 
of  cells  to  give  a  rate  marker  as  well  as  a 
label  to  the  compounds  and  structures  syn- 
thesized in  the  normal  and  undisturbed 
living  cell,  has  proved  highly  successful  in 
delineating  the  kinetics  of  synthesis.  Dur- 
ing this  report  year  an  unexpected  small 
structure,  with  a  sedimentation  rate  of  4S, 
was  observed  as  an  early  element  in  the 
synthesis  of  ribosomes,  and  the  conse- 
quences of  this  in  the  subsequent  pattern 
of  building  larger  units,  all  related  to  the 
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templets  found  in  the  DNA  and  RNA, 
are  now  being  examined  in  some  detail. 

An  unusual  opportunity  for  service  to 
the  general  scientific  community  arose  as 
arrangements  were  being  made  by  the 
U.  S.  National  Committee  for  the  Interna- 
tional Geophysical  Year  for  the  comple- 
tion and  termination  of  the  United  States 
participation  in  the  IGY  and  its  sequel, 
International  Geophysical  Cooperation, 
1959.  As  a  member  of  the  IGY  Executive 
Committee  (USA)  from  the  beginning, 
our  Department's  Director  noted  that  very 
little  provision  was  made  in  the  total  plan 
and  budget  for  visits  of  senior  geophysi- 
cists  from  all  over  the  world  to  our  active 
IGY  laboratories  and  data  centers.  A  few 
had  been  brought  here  briefly  to  partici- 
pate in  the  work  of  specific  projects,  but 
no  broad  provision  had  been  made  for 
completely  free  and  open  invitations  to 
experts  from  many  countries  to  examine 
and  study  whatever  items  they  might 
choose  in  the  wide  range  of  United  States 
activities  for  the  IGY.  A  proposal  was 
made  that  the  Institution,  wherever  ap- 
propriate, and  chiefly  the  National  Science 
Foundation,  should  make  provision  to 
bring  to  the  United  States,  for  six  months 
to  a  year  each,  senior  men  from  many 
countries  and  many  different  geophysical 
disciplines,  with  a  completely  free  invita- 


tion to  visit  IGY  work  at  any  and  all 
places  in  this  country  that  they  might 
choose.  They  would  come  as  Distinguished 
Visitors,  sponsored  by  the  Carnegie  Insti- 
tution and  the  National  Science  Founda- 
tion, each  one  on  an  individual  and  per- 
sonal basis,  with  their  efforts  to  be  charac- 
terized as  "interdisciplinary  research,"  to 
encourage  a  free  and  wide  interchange  of 
ideas.  This  proposal  was  accepted,  and  a 
succession  of  two  rather  large  grants  from 
the  National  Science  Foundation  extended 
the  number  of  invitations  somewhat  be- 
yond the  original  intention.  Without  at- 
tempting to  list  the  numerous  IGY  cen- 
ters where  they  visited  and  worked  (or 
will  do  so,  as  some  visitors  are  scheduled 
to  arrive  later  in  1960),  the  following  (in- 
complete) list  of  names  gives  some  indi- 
cation of  the  importance  of  this  effort  of 
the  Institution  and  the  Department: 
J.  Bartels  (Germany),  D.  R.  Bates  (North- 
ern Ireland),  B.  Bolin  (Sweden),  R.  A. 
Cox  (England),  G.  E.  R.  Deacon  (Eng- 
land), G.  Dietrich  (Germany),  M.  A.  Elli- 
son (Ireland),  I.  Escobar  V.  (Bolivia), 
A.  L.  Hales  (South  Africa),  M.  Hase- 
gawa  (Japan),  P.  Herrinck  (Belgian 
Congo),  K.  Hidaka  (Japan),  L.  G.  H. 
Huxley  (South  Australia),  M.  Nicolet 
(Belgium),  W.  R.  Piggott  (England),  W. 
Schwerdtfeger  (Argentina). 


EXPERIMENTAL  GEOPHYSICS 


RADIO  ASTRONOMY 

B.  F.  Bur\e,  J.  W.  Firor,  J.  /.  Riihimaa,1 
M.  A.  Tuve,  and  H.  W.  Wells 

Solar  Studies 

The  measurements  of  the  sun  made  with 
the  long,  grating-type  array  at  a  wave- 
length of  88  cm  were  continued  through 
the  year,  and  we  have  made  several  at- 
tempts to  combine  these  observations  with 
those  of  other  groups  to  gain  a  more  com- 
plete picture  of  the  conditions  in  a  solar 
active  region. 

1  Carnegie  Institution  Fellow;  from  University 
of  Helsinki,  Finland. 


As  was  mentioned  in  last  year's  report, 
the  88-cm  scans  were  combined  with  scans 
of  the  sun  made  mainly  at  shorter  wave- 
lengths in  order  to  study  the  persistent  lo- 
calized bright  spots  that  are  almost  cer- 
tainly thermal  in  origin.  From  this  study 
it  was  possible  to  show  that  these  radio 
bright  spots  are  regions  in  the  corona  with 
normal  coronal  temperatures  but  with  in- 
creased density. 

To  study  the  more  spectacular  non- 
thermal regions  it  is  necessary  to  assemble 
measurements  at  wavelengths  longer  than 
88  cm,  since  these  spots  are  not  generally 
seen  at  the  decimeter  and  centimeter  wave- 
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lengths.  Only  a  few  groups  are  making 
such  measurements,  however;  the  only 
scans  of  sufficiently  high  angular  resolu- 
tion to  be  useful  are  those  of  the  French 
group  at  176  cm  and  those  of  Erickson  in 
California  at  about  11  meters  wavelength. 
Although  a  preliminary  comparison 
showed  that  the  same  bright  spot  could 
be  identified  in  the  scans  at  88  and  176 
cm,  the  large  gap  in  wavelength  to  11 
meters  made  it  difficult  to  believe  that  the 
same  region  was  being  studied  at  this  long 
wavelength  as  at  the  other  two.  To  fill 
the  gap,  our  array  for  3.5  meters  wave- 
length has  been  put  in  routine  operation. 

Previously  we  have  depended  entirely 
on  our  colleagues  in  France  for  scans  of 
the  sun  at  176  cm,  and  although  the  non- 
thermal bright  spots  frequently  last  for 
several  days,  they  also  may  undergo  large 
changes  in  intensity  during  the  5  hours 
between  the  French  measurements  and 
our  own.  We  were  therefore  pleased  when 
an  opportunity  occurred  to  place  in  the 
hands  of  a  group  in  Santiago,  Chile,  the 
parts  for  a  receiver  and  antenna  similar  to 
ours  but  operating  at  171-cm  wavelength. 
The  antenna  has  been  erected  at  a  site 
near  Santiago  and,  with  the  receiver, 
placed  in  daily  operation.  The  scans  of 
the  sun  made  with  this  array  overlap,  in 
time,  the  ones  made  in  Washington. 

All  three  of  these  arrays  scan  the  sun 
with  a  fan-shaped  beam  whose  long  di- 
mension is  parallel  to  the  local  meridian. 
Any  hot  spots  detected  with  these  arrays, 
therefore,  are  known  to  lie  somewhere 
along  a  north-south  line  across  the  solar 
disk.  For  exact  positioning  it  is  necessary 
to  scan  the  sun  also  with  a  fan  beam  at 
some  appreciable  angle  to  the  meridian. 
We  have  added  this  feature  to  our  scans  by 
means  of  a  separate  array,  running  in  the 
north-south  direction  with  the  fan  beams 
parallel  to  the  prime  vertical.  This  array, 
also  for  88-cm  wavelength,  shares  the  re- 
ceiver with  the  older  array  and  gives  the 
needed  positioning. 

We  plan  to  operate  this  family  of  arrays 
for  several  months  during  the  summer  and 


fall  of  1960  in  an  effort  to  observe  several 
nonthermal  regions  pass  through  their 
complete  life  cycle. 

Heights  of  active  regions.  In  our  at- 
tempts to  understand  the  ways  in  which 
tenuous  gas,  such  as  the  solar  corona,  can 
emit  strong  radio  waves,  it  is  important 
to  know  the  electron  density  at  the  source 
region.  For  the  corona  the  variation  of 
density  with  height  is  roughly  known 
from  optical  eclipse  observations,  and  so  a 
measurement  of  the  height  of  a  source 
region  will  give  an  estimate  of  the  required 
quantity. 

The  direct  method  of  determining 
heights  of  active  regions — that  of  observ- 
ing the  distance  from  the  limb  of  a  source 
passing  over  the  limb — gives  only  a  lower 
limit  for  the  height  and  only  works  for 
the  few  regions  that  are  seen  to  pass 
around  the  limb  while  still  at  measurable 
intensity.  Another  method  is  to  fit  the  ob- 
served motion  of  a  source  that  lasts  for 
several  days  to  a  model  of  a  source  at  some 
height  rotating  at  a  rate  suggested  by  the 
rotation  of  the  optically  active  regions. 

Among  our  scans  at  88  cm  it  is  possible 
to  find  twenty-five  regions  that  persist 
long  enough  to  permit  the  use  of  this  sec- 
ond method  of  height  determination,  and 
for  three  of  them  both  methods  are  pos- 
sible. The  heights  derived  by  the  two 
methods  are  in  general  agreement,  giving 
a  value  of  0.2  solar  radius  (140,000  km) 
above  the  photosphere.  As  this  height  is 
considerably  above  the  level  at  which  the 
plasma  frequency  corresponds  to  88-cm 
wavelength  for  the  average  corona  derived 
from  optical  observations,  it  might  indicate 
that  the  radiation  mechanism  is  not  closely 
associated  with  the  plasma  frequency,  al- 
though it  might  also  indicate  (discarding 
our  assumption  that  a  height  measurement 
is  an  electron-density  measurement)  that 
the  nonthermal  radiating  regions  are 
denser  than  the  surrounding  corona  by  a 
factor  of  20. 

Sweep-frequency  receiver.  Until  re- 
cently the  spectral  characteristics  of  radio 
bursts  in  the  low-frequency  region,  below 
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30  Mc/s,  have  not  been  studied,  partly  be- 
cause of  the  belief  that  station  interference 
would  make  such  observations  impossible 
in  all  but  the  most  remote  site.  This  is  not 
the  case,  however,  and,  following  the  lead 
of  Warwick  at  the  High  Altitude  Observa- 
tory, we  have  built  a  sweep-frequency  re- 
ceiver for  the  range  14  to  28  Mc/s.  This 
receiver  is  not  just  a  copy  of  any  existing 
solar  instrument,  but  represents  a  step 
forward.  Designed  and  built  by  Riihimaa, 
it  makes  use  of  the  variable  capacity  char- 
acteristics of  some  of  the  new  solid-state 
devices.  These  voltage  variable  capacitors 
allow  the  usual  motor-driven  variable 
capacitors,  cams,  and  the  like,  to  be  dis- 
carded and  the  tuned  stages  to  be  con- 
trolled by  easily  generated,  repetitive  wave- 
forms. 

The  first  results  obtained  with  this  re- 
ceiver indicate  that  the  fast-drift  bursts 
move  in  frequency  more  rapidly  than  had 
been  noticed  before,  thus  creating  some 
difficulty  for  the  explanation  of  these  bursts 
as  resulting  from  disturbances  moving  out 
through  the  corona,  exciting  radiation  at 
the  plasma  frequency  as  they  move.  Once 
again  the  explanation  can  be  saved  by 
postulating  that  the  bursts  originate  in  re- 
gions of  higher  than  ordinary  density. 
(/.  W.  F.,  J.  J.  R.) 

Electron  Density  and  Temperature  in  the 

Corona 

The  study  of  the  solar  corona  at  present 
requires  a  careful  mixing  of  results  from 
the  quite  different  techniques  of  radio  and 
optical  observations.  The  radio  measure- 
ments have  the  one  great  advantage  that 
the  source  of  the  entire  radiation  is  the 
corona  itself,  and,  by  selecting  the  wave- 
length received,  the  height  to  be  studied 
can  be  controlled  to  some  extent.  Yet  the 
radio  observer  returns  repeatedly  to  the 
optical  results,  for  example,  to  find  a  model 
of  the  density  distribution  or  to  locate  ac- 
tive regions. 

Since  this  mixing  of  results  from  the  two 
techniques  is  required,  a  worker  in  solar 


radio  studies  would  do  well  to  have  suf- 
ficient familiarity  with  the  optical  ob- 
servations to  use  the  results  sensibly.  With 
this  in  mind,  a  series  of  observations  was 
planned  in  cooperation  with  the  High 
Altitude  Observatory  in  which  electronic 
techniques  were  applied  to  an  optical 
problem  of  coronal  observations. 

We  have  adapted  an  infrared  image  con- 
verter for  use  with  the  Climax  corona- 
graph.  This  addition  makes  possible  the 
routine  observation  of  coronal  emission 
lines  with  wavelengths  longer  than  7000 
angstroms.  For  lines  between  7000  and 
perhaps  9000  angstroms,  the  image  tube 
serves  only  as  an  eyepiece,  making  visual 
adjustment  and  focusing  of  the  telescope 
and  spectrograph  possible,  but  for  lines 
near  10,000  angstroms  the  image  tube  is 
used  to  reduce  the  exposure  times  re- 
quired to  photograph  the  lines. 

Two  subjects  become  available  for  study 
with  observations  of  the  infrared  lines  ap- 
pearing in  the  coronal  emission  spectrum. 
The  element  iron  is  represented  in  this 
spectrum  by  lines  from  ionization  states  X, 
XI,  XIII  (two  lines),  XIV,  and  XV.  Of 
these  only  the  Fe  X  and  Fe  XIV  lines 
were  frequently  observed  before  the  addi- 
tion of  the  image-converter  apparatus.  The 
relative  intensities  of  all  these  lines  will 
depend  on  the  ionization  equilibrium  be- 
tween the  various  states,  which  in  turn 
will  depend  strongly  on  the  temperature. 

Our  results,  which  come  from  photo- 
graphs of  the  six  lines,  all  made  within 
about  an  hour,  indicate  that  the  two-tem- 
perature models  of  coronal  emission  which 
have  been  in  vogue  are  not  necessary  and 
that  at  any  one  time  and  place  the  ioniza- 
tion curve  has  the  form  to  be  expected 
from  a  single  temperature.  At  different 
positions  on  the  limb,  however,  are  found 
strong  shifts  in  the  ionization  curve  indi- 
cating changes  in  temperature  from  place 
to  place  in  the  corona. 

Many  difficulties  still  remain;  in  par- 
ticular, theory  is  not  able  to  give  a  detailed 
correspondence  between  a  particular  tern- 
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perature  and  the  observed  ionization 
curve.  The  difficulty  is  due  at  least  in  part 
to  the  lack  of  knowledge  of  the  relevant 
atomic  cross  sections. 

One  of  the  original  purposes  in  photo- 
graphing the  infrared  corona  was  to  apply 
to  the  corona  the  method  used  by  Oster- 
brock  to  measure  the  electron  densities  in 
galactic  nebulae.  The  pair  of  lines  at  10,747 
and  10,798  angstroms  arising  from  Fe  XIII 
is  analogous  to  the  forbidden  oxygen  lines 
used  for  the  nebulae.  The  calculations  of 
lifetimes  in  the  excited  states  for  the  Fe 
XIII  lines  and  the  electron  collision  rates 
to  be  expected  under  coronal  conditions 
indicate  that  the  ratio  of  intensities  of  the 
two  lines  should  change  over  from  the 
low-density  value  of  0.3  to  the  high-density 
value  of  1.0  at  a  density  of  around  10to 
electrons/cm3. 

Our  early  measurements  give  an  in- 
tensity ratio  near  the  low-density  value, 
and  it  will  only  be  when  we  can  photo- 
graph several  dense  coronal  regions  that 
a  check  on  the  method  can  be  made. 
(/•  W.  F.) 

Studies  of  Microwave  Spectra 

In  the  radio-frequency  region  of  the 
electromagnetic  spectrum  the  only  dis- 
crete line  observed  astronomically  is  the 
well  known  21-cm  hydrogen  line.  Astro- 
physical  studies  of  the  interstellar  medium 
would  be  aided  if  additional  lines  were 
found,  for  there  are  regions  of  the  galaxy 
that  are  inaccessible  at  present  because  of 
the  large  optical  depth  at  21  cm.  Further- 
more, one  might  hope  to  learn  more  about 
the  physical  conditions  prevailing  in  the 
interstellar  medium  if  lines  of  other  atoms 
or  molecules  could  be  measured.  Unfor- 
tunately, a  number  of  limitations  greatly 
restrict  the  possibilities :  the  atom  or  mole- 
cule must  be  relatively  abundant;  the  lev- 
els involved  must  be  either  ground- 
state  levels  or  metastable  levels  with 
extremely  long  lifetimes;  and  the  line 
frequency  must  be  neither  too  low  (where 
transition     probabilities     are     small     and 


galactic  background  high)  nor  so  high 
that  atmospheric  absorption  prevents  ob- 
servations. These  limitations  leave  several 
classes  of  transitions  as  possibilities:  hyper- 
fine  structure  of  atomic  ground  states  of 
the  more  common  elements;  lambda- 
doubling  fine  structure  of  the  common 
hydrides;  and  pure  rotational  transitions 
of  diatomic  molecules  such  as  CO  and  CS. 
There  is  some  reason  to  expect  that  condi- 
tions in  interstellar  space  may  favor  the 
formation  of  the  hydrogen  molecular  ion, 
H2+,  which  might  be  described  as  the 
simplest  hydride,  although  it  differs  from 
the  more  usual  hydrides  CH  and  OH  in 
being  in  a  2Z  ground  electronic  state 
rather  than  a  2I1  state.  Although  it  is  un- 
likely that  the  radio-frequency  spectrum  of 
H2+  can  be  observed  in  the  laboratory  with 
present  techniques,  the  system  has  the  vir- 
tue that  extremely  accurate  calculations 
can  be  made  on  the  properties  of  the  mole- 
cule. Calculations  of  the  relevant  fine- 
structure  and  hyperfine-structure  level 
splittings  have  been  performed  as  a  neces- 
sary preliminary  to  an  experimental  search 
for  the  spectrum  lines  in  either  emission 
or  absorption  along  the  Milky  Way. 

The  predominant  interaction  in  H2+  is 
the  magnetic  coupling  between  the  nuclear 
spins  and  the  electron  spin — an  effect 
closely  analogous  to  the  hyperfine  interac- 
tion in  atomic  hydrogen  that  is  responsible 
for  the  21-cm  hydrogen  line.  In  addition, 
there  is  an  interaction  between  the  elec- 
tron spin  and  the  molecular  rotation, 
which  is  weaker  but  by  no  means  negligi- 
ble. The  level  structure  can  be  described 
qualitatively  by  a  simple  vector  model,  in 
which  the  two  nuclear  spins,  h  and  72, 
combine  to  give  a  total  nuclear  spin  /. 
Only  the  common  isotopic  species  of  the 
molecule  need  be  considered,  so  I  will  be 
either  1  or  0.  The  nuclear  spin  I  is  then 
coupled  to  the  electron  spin  S  to  give  a 
resultant  which  can  be  designated  Fz. 
Finally,  F3  couples  to  the  molecular  rota- 
tion N  with  the  resulting  total  angular 
momentum   F.    Since    the    ground   elec- 
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tronic  state  is  2X,  the  electronic  angular 
momentum  does  not  enter  directly,  but 
only  in  higher-order  calculations  which 
turn  out  to  be  negligible  in  the  present 
case.  Consequently,  we  characterize  a 
given  state  by  the  quantum  numbers 
(ISF3NF) .  For  the  lowest  rotational  state 
(2V  =  0)  the  Pauli  principle  requires  that 
7  =  0,  and  hence  there  is  no  level  splitting. 
In  the  next  rotational  state  (]V=1),  7 
must  have  the  value  1,  and  consequently 
F3  can  be  either  1/2  or  3/2  with  F  having 
the  possible  values  3/2,  1/2,  and  5/2,  3/2, 
1/2,  respectively.  The  predicted  line  fre- 
quencies for  the  first  excited  rotational 
state  are  given  in  table  1.  Higher  rotational 

TABLE  1.    Transitions  for  N  =  1,  /  =  1, 
AF8=-1 


(F8,  F)        (F8,  F) 


Frequency, 
Mc/s 


Relative 
Intensity 


3/2, 5/2 

1/2, 3/2 

1467.0 

1.000 

3/2, 3/2 

1/2, 1/2 

1422.8 

0.3 

3/2, 3/2 

1/2, 1/2 

1359.5 

0.37 

3/2, 1/2 

1/2,  3/2 

1258.8 

0.04 

3/2, 1/2 

1/2, 1/2 

1195.4 

0.3 

states  will  probably  not  have  appreciable 
populations,  since  their  lifetimes  are  much 
less  than  the  mean  times  between  colli- 
sions. The  A7=l  to  N=0  transition  is 
highly  forbidden,  however,  and  the  popu- 
lation of  both  states  will  be  given  by  a 
Boltzmann  distribution  corresponding  to 
a  temperature  of  at  least  100°.  Despite  the 
large  number  of  lines  involved,  the  princi- 
pal line  (3/2,  5/2)-»(l/2,  3/2)  contains 
half  the  total  intensity.  The  line  strength 
for  this  transition  is  not  much  less  than 
for  the  21-cm  line,  despite  the  larger  par- 
tition function,  and  consequently,  if  the 
average  concentration  of  H2+  in  the  galaxy 
is  1/1000  that  of  atomic  hydrogen,  it  should 
be  possible  to  detect  its  presence. 

More  accurate  calculations  are  in  prog- 
ress, and  it  is  hoped  that  during  the  com- 
ing year  a  line  search  can  be  made,  using 
the  new  60-foot  paraboloid  and  the  multi- 
channel hydrogen  receiver.     (B.  F.  B.) 


Precise  Position  Apparatus 

In  the  previous  report  an  antenna  sys- 
tem for  measuring  accurate  positions  of 
radio  sources  was  described.  During  the 
summer  of  1959,  the  second  array  of  corner 
reflectors  (the  east  V)  was  completed  and 
put  into  operation.  Test  showed  that  the 
array  was  nearly  identical  in  gain  and 
beamwidth  to  the  west  V,  which  was  com- 
pleted the  year  before.  The  two  arrays 
were  connected  as  an  interferometer,  and 
a  series  of  observations  of  the  Cygnus  ra- 
dio source  was  made.  Two  separate  runs, 
each  of  one  week's  duration,  gave  an  ap- 
parent right  ascension  of  Cygnus  A  within 
1  minute  of  arc  of  the  optical  object.  The 
internal  consistency  of  our  observations 
was  much  better,  the  rms  deviation  of  the 
individual  observations  being  0.4  second 
of  time,  or  about  5  seconds  of  arc.  We  had 
originally  hoped  to  make  a  set  of  absolute 
observations  within  1  minute  of  arc  ac- 
curacy, but,  if  an  internally  consistent  set 
of  identifications  with  objects  of  small 
angular  size  can  be  established,  it  should 
be  possible  to  make  relative  measurements 
of  position  to  much  higher  accuracy.  The 
Cygnus  A  measurements  were  not  limited 
by  signal-to-noise  ratio,  the  scatter  being 
apparently  real,  introduced  by  atmosphere 
and  ionosphere.  The  observed  scatter  of 
5  seconds  of  arc  probably  represents  a 
realistic  limit  on  accuracy  of  relative  posi- 
tion, and  is  of  the  same  order  of  magni- 
tude as  our  estimated  level  and  azimuth 
errors. 

In  one  respect,  however,  our  observa- 
tions were  disappointing,  for  only  the 
brightest  radio  sources  have  sufficiently 
large  signal-to-noise  ratio  for  accurate 
measurements.  The  first  interferometer 
measurements  were  made  with  no  pre- 
amplifiers at  the  individual  arrays,  and 
consequently  the  signals  were  attenuated 
by  about  4  decibels  by  the  long  transmis- 
sion line  connecting  the  two  arrays  to  the 
receiver.  Even  allowing  4-decibel  improve- 
ment, the  signal-to-noise  ratio  with  our 
conventional    tube-type    preamplifiers    at 
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each  array  would  be  marginal,  and  so  two 
projects  were  begun  to  improve  the  equip- 
ment. The  first  project  involves  develop- 
ment of  new  receivers  with  improved  noise 
figures  using  new  electronic  techniques. 
Much  time  has  been  spent  on  development 
of  a  parametric  amplifier,  utilizing  the 
properties  of  a  variable  reactance  for  low- 
noise  amplification.  The  variable  reactors 
used  were  Bell  Telephone  Laboratory  vari- 
able-capacity diodes,  which  in  theory 
should  give  an  excess  noise  of  100°  or  less 
when  operated  as  an  up-converter,  con- 
verting the  400  Mc/s  to  a  frequency  of 
around  9000  Mc/s  and  detecting  with 
an  X-band  microwave  receiver.  We  have 
not  yet  succeeded  in  achieving  perform- 
ance as  good  as  this,  although  noise  figures 
as  good  as  those  of  conventional  receivers 
have  been  measured.  A  second  project  is 
under  way  to  replace  the  long  transmis- 
sion lines  connecting  the  two  arrays  with 
a  low-loss  system  having  only  1-decibel 
attenuation  and  thereby  eliminating  the 
need  for  separate  preamplifiers.  (B.  F.  B., 
J.  W.  F.) 

Optical  Phase  Switch 

The  Michelson  interferometer,  which 
was  first  used  in  astronomy  at  optical 
wavelengths,  has  been  a  powerful  quanti- 
tative tool  at  radio  wavelengths,  where  it 
has  been  particularly  useful  in  reconstruct- 
ing the  brightness  distributions  of  radio 
sources  that  could  not  be  resolved  by 
physically  realizable,  completely  filled  aper- 
tures. An  important  factor  in  the  success 
of  the  Michelson  interferometer  at  radio 
wavelengths  has  been  the  development  of 
the  phase-switching  technique,  which,  as 
an  a-c  technique,  is  much  more  convenient 
than  d-c  radiometer  methods.  The  tradi- 
tional optical  methods  are  only  qualitative, 
and  they  encounter  difficulty  with  seeing 
as  well;  it  appears  that  application  of  radio 
techniques  to  the  optical  interferometer 
may  help  in  both  respects.  By  rapidly  shift- 
ing the  fringe  system,  and  detecting  the 
audio  component  as  seen  through  a  slit  or 
system  of  slits,  the  fringe  amplitude  could 


be  measured  quantitatively,  and  hence  the 
Fourier  transform  of  the  brightness  dis- 
tributions of  stars  and  binary  systems  could 
be  constructed.  Moreover,  by  switching 
rapidly,  in  a  time  short  compared  with  the 
fluctuations  imposed  by  scintillation  and 
seeing,  there  is  hope  of  overcoming  the 
seeing  limitations  of  the  older  methods. 

Two  approaches  toward  an  optical  phase 
switch  have  been  tried.  The  first  employed 
a  split  chamber,  in  which  pressure  varia- 
tions induced  by  a  loudspeaker  changed 
the  optical  path  by  a  half  wavelength  in 
one  arm  of  the  interferometer.  The  tech- 
nique worked  at  low  frequencies,  but  diffi- 
culty was  encountered  at  high  audio  fre- 
quencies, and  the  method  was  abandoned 
in  favor  of  a  Kerr-cell  phase  shifter,  which 
appears  more  promising.  Phase-shift  tests, 
using  the  Kerr  cell  from  a  geodimeter, 
were  encouraging,  and  a  double  cell  for 
an  interferometer  is  being  constructed. 
(B.  F.  B.) 

Radio  Hydrogen 

The  principal  developments  in  this  ac- 
tivity during  the  report  year  have  been  the 
completion  of  our  survey  of  the  sky  with 
the  26-foot  parabola;  the  completion  and 
testing  of  the  new  60-foot  equatorially 
mounted  parabola,  built  to  our  basic  de- 
sign by  the  Blaw-Knox  Company;  and 
the  provision  of  funds,  by  the  Institution 
and  the  National  Science  Foundation, 
which  will  underwrite  the  transfer  of  the 
hydrogen-line  equipment  we  have  been 
using  to  date  from  Washington  to  South 
America,  probably  to  a  site  in  the  vicinity 
of  Buenos  Aires.  The  Institution  in  1959 
made  funds  available  to  build  a  duplicate 
of  our  complex  and  expensive  54-channel 
receiver,  to  make  possible  an  observing 
program  on  the  southern  sky;  and,  as  the 
report  year  closed,  a  grant  from  the  Na- 
tional Science  Foundation  was  received 
which  will  bring  several  technical  men 
from  Latin  America  to  the  Department 
for  training  with  this  equipment  and  ex- 
perience in  the  reduction  of  hydrogen 
measurements,  will  provide  a  new  and 
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shallower  parabolic  dish  for  our  older 
mounting,  and  will  pay  for  shipment  of 
the  revised  equipment  to  Buenos  Aires  or 
some  other  selected  location  in  those  lati- 
tudes. 

An  analysis  of  the  survey  of  hydrogen 
clouds  at  high  latitudes,  from  20°  to  90° 
for  all  the  sky  visible  from  Washington, 
made  here  by  Dr.  H.  L.  Heifer  and  Dr. 
Wm.  C.  Erickson  (Carnegie  Fellows), 
was  completed  and  published  during  the 
year.  The  survey  of  all  visible  regions  near 
the  galactic  equator,  from  —20°  to  +20°, 
was  carried  forward  during  many  months 
and  finally  completed,  and  the  records, 
totaling  about  200,000  individual  5-minute 
measurements  of  hydrogen  intensity,  each 
separately  recorded,  were  traced  and  cali- 
brations marked.  The  reduction  of  this 
formidable  amount  of  data  to  contour 
maps  and  similar  vehicles  of  discussion  is 
incomplete,  but  the  general  character  of 
the  hydrogen  distribution  and  motions 
does  not  differ  greatly  from  that  described 
by  the  Leiden  group,  although  our  nar- 
rower bandwidth  and  the  multiplicity  of 
observations  for  good  statistics  appear  to 
give  rise  to  some  differences  in  detail.  This 
work  now  goes  forward  with  the  sharper 
angular  definition  (50  minutes  of  arc)  of 
the  new  60-foot  parabola.     (M.  A.  T.) 

Research  in  Cooperation  with  the 
Jodrell  Bank  Experimental  Station, 
University  of  Manchester,  England 

The  radio  astronomy  research  at  fre- 
quencies below  30  Mc/s  mentioned  in  last 
year's  report  was  continued  until  August 
1959.  Emphasis  was  placed  on  measure- 
ments of  relative  amplitudes  of  Cygnus  A 
and  Cassiopeia  A  down  to  the  lowest  pos- 
sible frequencies.  The  recording  instru- 
ment was  a  very  flexible — although  com- 
plicated— interferometer  which  utilized 
both  the  250-foot  steerable  parabola  and 
the  220-foot  fixed  parabola  at  Jodrell  Bank. 
Each  aerial  used  a  broad-band  cage -type 
dipole  and  reflector  arrays  coupled  to  trans- 
mission lines  by  specially  developed  broad- 
band transformers. 


A  report  of  these  studies  has  been  pre- 
pared for  joint  publication  with  Professor 
A.  C.  B.  Lovell  and  is  scheduled  for  early 
publication.    (H.  W.  W.) 

THE  EARTH'S  CRUST 

L.  T.  Aldrich,   T.  Asada,1  M.  N.  Bass,2 

A.  L.  Hales,3  M.  A.  Tuve,  and 

G.  W.  Wetherill 

The  broad  aim  of  this  group  is  to  shed 
some  further  light  on  geological  history 
and  geotectonic  processes,  especially  dur- 
ing the  long  sweep  of  time  before  solid 
fossils  were  first  laid  down  in  the  Cam- 
brian period,  about  500  million  years  ago. 
When  we  began  these  efforts  ten  years 
ago,  very  little  reliable  information  existed 
about  the  time  that  has  elapsed  since  vari- 
ous "Precambrian"  rocks  were  formed,  and 
even  the  relative  sequences  of  deposits  in 
different  regions  were  largely  undeter- 
mined. The  potential  fruitfulness  of  meas- 
urements of  isotope  ratios  (of  precursor 
and  product  elements)  for  faintly  radioac- 
tive elements  in  the  minerals  of  common 
rocks  such  as  granite,  especially  rubid- 
ium87/strontium87  and  potassiums/ar- 
gon40, for  comparison  with  uranium/lead 
ratios,  had  just  begun  to  be  appreciated  a 
decade  ago.  For  the  first  five  years  of  our 
efforts  it  was  not  certain  that  unequivocal 
results  could  be  obtained,  but  careful  as- 
sessment of  the  slow  "leakage"  of  parent 
or  product  elements  among  certain  ones 
of  the  various  mineral  constituents,  and 
studies  of  mineral  alterations  by  meta- 
morphic  processes,  finally  established  the 
Rb-Sr  and  K-Ar  methods  as  reliable  age 
measures,  agreeing  with  the  U-Pb  and 
Th-Pb  methods  when  correct  comparisons 
were  possible.  This  work  has  been  carried 
out  in  detail  here  for  certain  sections  of 
the  United  States  and  Canada,  and  over 
the  years  our  men  and  their  collaborators 

1  Carnegie  Institution  Fellow;  from  University 
of  Tokyo. 

2  Carnegie  Institution  Fellow. 

3  Carnegie  Distinguished  Visitor  (IGY) ;  from 
University  of  the  Witwatersrand,  Johannesburg, 
South  Africa. 
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have  dated  important  rock  structures  in 
Australia,  Africa,  Europe,  South  America, 
and  the  Middle  East.  The  latest  report  on 
these  efforts  is  included  below. 

Supplementing  the  information  given 
by  a  sequence  of  rock  dates  in  many 
structures  extending  over  nearly  3  billion 
years,  we  have  been  attempting  to  gain  a 
clearer  picture  of  tectonic  processes  in  geo- 
logical history  by  studies  of  the  structures 
as  they  are  found  now  in  the  earth's  crust. 
These  structures  are  the  results  of  a  long 
succession  of  volcanic  and  weathering 
processes,  followed  by  tectonic  adjustment 
due  at  least  in  part  to  gravity  and  to  in- 
ternal heat.  We  have  recorded  waves  from 
explosions  in  many  parts  of  North  and 
South  America  since  1946,  in  an  effort  to 
determine  broad  structural  features  of  the 
crust  (down  to  depths  of  50  or  80  km)  as 
a  possible  further  guide  to  tectonic  mecha- 
nisms. Work  of  this  kind  had  previously 
been  attempted  using  local  earthquakes. 
We  have  not  yet  been  successful  in  deriv- 
ing unequivocal  proof  in  our  wave  record- 
ings that  specific  structures  exist  under 
specific  areas.  Plausible  interpretations 
which  give  quite  acceptable  structures  in 
many  places  have  been  the  usual  result, 
but  ambiguity  must  be  acknowledged,  at 
least  in  most  regions,  on  many  important 
points — total  depths,  thickness  of  "layers" 
of  specific  wave  velocities,  variation  of 
velocity  with  increase  of  depth,  and  similar 
questions.  During  the  course  of  this  re- 
port year,  records  obtained  in  Montana 
seemed  to  indicate  this  region  as  the  most 
promising  for  further  detailed  studies  to 
give  an  unequivocal  specification  of  an 
"intermediate  layer"  and  an  unambiguous 
structural  interpretation.  Further  work 
there  will  be  planned. 

Seismic  Studies 

In  our  South  American  studies  of  1957 
using  explosion  waves  (Carnegie-IGY  An- 
des Expedition)  we  encountered  a  very 
great  attenuation  of  the  waves  when  the 
line  of  observation  was  across  the  Andes 
ranges  and  the  Altiplano.    In  our  report 


of  last  year  a  description  was  given  of  our 
attempts  to  install  specialized  recorders  for 
local  earthquakes  in  Peru,  Bolivia,  and 
Chile,  where  we  observed  the  unexpectedly 
great  attenuation.  The  efforts  during  this 
year  have  been  concerned  with  the  con- 
struction, shipment,  and  installation  of  the 
initial  network  of  six  stations  in  southern 
Peru,  three  in  Bolivia,  and  four  in  north- 
ern Chile.  The  logistics  have  been  formi- 
dable. As  the  report  year  closes,  the  last 
three  of  these  sets  are  being  installed  in 
the  Andes  and  our  plans  are  only  tentative 
for  additional  stations,  although  three  or 
even  five  more  may  be  needed  during  the 
coming  year. 

As  figure  1  shows,  we  now  have  four 
basic  stations  near  Arequipa,  to  locate  with 
some  precision  the  near-by  quakes  whose 
waves  are  to  be  observed  at  the  more  dis- 
tant stations  to  the  north,  east,  and  south. 
The  stations  near  Arequipa  are  at  Chara- 
cato  (lat.  S  16°27'43.5"  and  long.  W  71° 
29'28.6"),  at  La  Yanquera  (lat.  S  17°01' 
23.5"  and  long.  W  71°40'42.0,,)5  at  San 
Gregorio  (lat.  S  16°34'28.5"  and  long.  W 
72°43'29.5",  a  few  kilometers  distant  from 
Camana),  and  at  El  Frayle  (lat.  S  16° 
08'56"  and  long.  W  71°11'42.0").  The  last 
station  may  soon  be  moved  to  Aplao.  The 
northern  station  is  at  Cuzco;  a  later  one 
may  go  to  Ayacucho.  To  the  east  we  have 
a  station  at  Puno  (just  going  in)  and  three 
stations  in  Bolivia,  at  La  Paz,  at  Cocha- 
bamba,  and  at  Sicasica  (just  being  in- 
stalled) .  Possible  additions  are  in  view  for 
Pomata,  Peru,  and  Santa  Cruz,  Bolivia. 
To  the  south,  stations  are  operating  at  San 
Pedro  de  Atacama  (Chile)  and  at  Quill- 
agua;  others  are  being  installed  at  Conchi, 
to  the  northeast,  and  near  Salinas.  A  regu- 
lar Beniofr"  station  is  operated  (by  Father 
German  Saa  for  Dr.  C.  Lomnitz)  in  Anto- 
fagasta.  Our  primary  collaborators  are  Dr. 
A.  Rodriguez  at  the  Universidad  de  San 
Agustin,  Arequipa,  Peru,  with  the  coop- 
eration and  help  of  the  Rector  of  his  uni- 
versity, Dr.  A.  Corso  Masias;  Dr.  R.  Sal- 
gueiro,  La  Paz,  Bolivia,  with  the  help  of 
Father  Ramon  Cabre;  and  Dr.  D.  Ger- 
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man  Frick  and  Mr.  R.  Yasky  at  the  Uni- 
versity of  Chile,  Northern  Branch,  Anto- 
fagasta,  with  the  help  of  Father  Saa  there 


operation  of  this  complex  network;  most 
of  the  participants  are  unpaid  volunteers, 
with  the  interested  support  of  their  local 
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LONGITUDE  WEST  OF  GREENWICH 

Fig.  1.     DTM  seismic  network  in  the  Andes  for  study  of  local  earthquakes. 

and  Father  Gustav  LePaige  at  San  Pedro  institutions.    The  problems  of  systematic 

de  Atacama.  Professor  Carlos  Kalafatovich  operation  are  not  fully  resolved  as  the  year 

at  the  University  of  Cuzco  is  helping  with  ends,  but  no  fundamental  difficulties  have 

the   Cuzco   installation,   and   other   local  been   encountered.    All    recordings    (pen 

teachers  and  assistants  are  helping  with  the  and  ink)   are  made  against  chronometer 
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time  marks,  and  the  chronometers,  on  loan 
from  the  Office  of  Naval  Research,  are  cali- 
brated regularly  against  WWV  time  sig- 
nals. All  the  stations  operate  on  hand- 
lantern  batteries  and  are  independent  of 
local  electrical  power.  Analysis  of  the  cur- 
rent records  has  hardly  begun  as  the  year 
ends,  owing  chiefly  to  some  minor  troubles 
in  identification  of  a  large  number  of  time 
marks  on  each  two-day  record.  A  greater 
difficulty  was  presented  by  the  local  earth- 
quakes themselves,  which  shook  down  the 
walls  of  the  main  recording  station  at 
Characato  in  January  1960  and  again  gave 
major  trouble  in  March,  wrecking  one  of 
the  marine  chronometers  under  falling 
bricks.   C'est  la  vie! 

A  minor  variant  of  this  local  earthquake 
project  is  being  carried  on  in  Arizona, 
where  three  similar  stations  (a  fourth  will 
be  installed  soon)  are  being  operated  in 
the  region  of  Flagstaff  and  the  Grand 
Canyon,  to  locate  some  of  the  minor  shocks 
in  that  immediate  area.  These  stations  are 
operated  by  the  Museum  of  Northern  Ari- 
zona, through  the  courtesy  of  its  Director, 
Dr.  E.  B.  Danson;  the  actual  operations 
are  carried  out  by  Mr.  E.  C.  Phillippi  of 
the  Museum  staff.  The  primary  purpose 
of  this  small  network  was  to  give  us  some 
first-hand  field  experience  with  identical 
equipment,  to  generate  sympathetic  under- 
standing here  of  the  troubles  we  might 
encounter  in  the  Andes.  To  date  this  pur- 
pose seems  in  process  of  reasonable  ful- 
fillment; we  have  trouble  with  time  marks, 
lightning,  rodents  that  consume  electrical 
cable  insulation,  and  other  field  items 
which  are  difficult  to  reproduce  in  the 
laboratory  while  designing  specialized 
equipment.  This  preparatory  period  is  ex- 
ceedingly interesting,  and  adequate  num- 
bers of  quakes  are  observed  in  all  the 
various  regions  above  named.  It  is  hoped 
that  the  report  next  year  will  contain  new 
data  on  quake  wave  patterns  and  attenua- 
tion. 

The  enthusiasm  and  critical  judgment 
of  our  staff  members  with  respect  to  seis- 
mic problems  and  crustal  structure  have 


been  enhanced  this  year  by  the  presence  of 
two  visiting  investigators  with  wide  ex- 
perience in  these  areas.  Dr.  Anton  L. 
Hales,  Director  of  the  Bernard  Price  In- 
stitute of  Geophysical  Research,  University 
of  the  Witwatersrand,  Johannesburg, 
South  Africa,  was  brought  to  the  United 
States  under  the  very  free  arrangements 
of  the  Distinguished  IGY  Visitors  project 
of  the  Institution.  Dr.  Hales  elected  to 
spend  an  initial  period  of  his  visit  with  us 
in  Washington,  and  this  period  gradually 
extended,  by  reason  of  his  own  interests 
here,  from  January  through  July  1960.  He 
made  a  special  study  of  the  DTM  records 
obtained  using  various  seismometer  ar- 
rays in  Minnesota  and  Washington  (1951), 
guided  a  detailed  study  of  the  data  ob- 
tained in  1955  by  the  DTM  Yukon-Alaska 
expedition,  and  organized  a  series  of  field 
tests  in  the  near-by  Blue  Ridge  Mountains. 

Dr.  Toshi  Asada,  of  the  Geophysics 
Institute,  University  of  Tokyo,  came  to  the 
Department  in  February  1960  as  a  Carne- 
gie Fellow,  to  work  on  seismic  problems. 
He  joined  Dr.  Hales  in  studies  of  the 
DTM  records  obtained  in  various  regions 
of  the  United  States,  including  Alaska, 
and  has  begun  to  participate  in  the  local 
quake  projects  we  have  under  way  in  Ari- 
zona and  in  the  Andes.  A  major  feature 
of  his  activity  and  interest  has  been  the 
effort  initiated  by  Dr.  Hales  to  observe 
vertical  reflections  from  possible  Conrad 
and  Moho  discontinuities. 

It  is  evident  that  for  some  problems  of 
crustal  structure  it  would  be  helpful  to 
have  a  method  of  greater  resolving  power 
than  the  refraction  method.  In  1948  and 
1949  the  possibility  of  using  near-vertical 
reflections  for  the  study  of  crustal  structure 
was  investigated.  It  was  found  that  the 
reflections  were  of  the  same  order  as  the 
reverberation  background;  in  consequence, 
reliable  interpretations  were  difficult  to 
make.  During  the  spring  of  1960, 
prompted  by  the  enthusiasm  and  energy 
of  Dr.  Hales,  some  preliminary  experi- 
ments were  carried  out  to  see  whether  the 
difficulties  could  be  overcome.    In  order 
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to  improve  the  ratio  of  the  reflection  am- 
plitude to  that  of  the  reverberation  back- 
ground, arrays  of  seismometers  have  been 
used,  the  separation  being  of  the  order  of 
the  half  wavelength  of  the  reverberation. 
The  arrays  consisted  of  six  seismometers, 
the  outputs  of  adjacent  groups  of  three 
seismometers  being  mixed  in  the  ratio 
1:2:1.  Arrays  with  separations  of  91  me- 
ters and  160  meters  have  been  used,  and 
the  signal-to-noise  ratio  has  been  improved 
by  a  factor  of  about  3.  A  sample  record 
is  shown  in  figure  2,  plate  2. 

The  top  record  shows  the  six  individual 
channels.  On  the  lower  record  channels  2 
to  5  are  mixed  channels,  the  mid-points 
of  the  groups  mixed  being  separated  by  91 
meters.  It  will  be  seen  that  the  reflection 
at  the  point  marked  A  shows  up  more 
clearly  on  the  mixed  than  on  the  directly 
recorded  channels.  One  difficulty  that  has 
arisen  is  that  the  signal  received  by  the 
seismometers  may  vary  by  a  factor  of  at 
least  2,  depending  on  the  location.  Under 
these  circumstances,  the  mixing  is  not  ac- 
cording to  the  required  ratios  1:2:1  and 
does  not  achieve  the  theoretical  efficiency 
in  reducing  the  reverberation  background. 
This  difficulty  could,  of  course,  be  avoided 
by  recording  the  outputs  of  the  seis- 
mometers on  magnetic  tape  and  doing  the 
mixing  during  playback  in  the  laboratory, 
but  these  procedures  appear  to  call  for 
efforts  too  great  for  our  manpower  and 
other  resources. 

The  reconnaissance  seismic  studies  of 
earth  structures  were  resumed  in  1959  af- 
ter a  lapse  of  a  year.  A  three-man  team 
from  the  Department  observed  along  azi- 
muths due  east  from  three  shot  points  in 
Montana  and  northeast  Wyoming.  The 
sites  of  the  shot  points  were  chosen  by  the 
geophysics  group  at  the  University  of  Wis- 
consin under  the  direction  of  Professor 
R.  P.  Meyer.  The  Wisconsin  group  timed 
and  arranged  the  firing  of  the  shots  ob- 
served. We  are  indebted  to  this  group  for 
the  information  about  the  shots  provided 
both  at  the  shot  time  and  subsequently. 

The  data  are  presented  in  three  travel- 


time  curves  shown  in  figure  3.  It  will  be 
noted  that  no  second  arrivals  were  ob- 
served on  the  line  between  Kalispell  and 
Havre.  Possibly,  first  arrivals  were  missed 
on  some  of  the  seismograms.  This  line  and 
one  northeast  from  Skagway,  Alaska,  give 
very  long  intervals  (150  km)  in  which  the 
first  arrival  comes  from  a  region  of  velocity 
greater  than  6.0  and  less  than  7.8  km/sec. 
No  other  regions  of  the  United  States, 
Alaska,  or  the  Yukon  have  shown  such 
early  first  arrivals  clearly.  Using  the  data 
of  figure  3  for  velocities  and  intercepts, 
and  a  simple  layered  model  of  the  crust, 
the  thicknesses  of  the  layers  shown  in  ta- 
ble 2  are  calculated.  The  data  are  insuffi- 
cient to  support  fully  or  to  exclude  com- 
pletely the  possibility  of  the  existence  of  a 
layer  of  velocity  7.25  km/sec  in  the  lines 
from  Cliff  Lake  and  Acme  Pond.  The  in- 
sertion of  this  layer  increases  the  total 
thickness  of  the  crust  determined  by  this 
model  by  10  km  for  Cliff  Lake  and  6  km 
for  Acme  Pond.  These  calculations  do  not 
include  a  correction  for  low-velocity  sur- 
face layers  which  add  but  little  to  the  Cliff 
Lake  crustal  thickness  and  which  may  add 
no  more  than  5  km  at  the  other  two  loca- 
tions. The  heterogeneity  of  the  earth's 
crust  is  again  demonstrated  in  table  2  by 
the  variety  of  layer  thicknesses  and  ap- 
parent velocities  obtained  on  these  three 
lines.  This  had  previously  been  shown  by 
plotting  all  the  data  obtained  from  a  single 
shot  point  on  the  same  reduced  travel-time 
plot.  The  data  obtained  by  the  University 
of  Wisconsin  group  on  lines  approximately 
perpendicular  to  those  above  agree  in  gen- 
eral with  the  interpretation  here  but  differ 
in  some  details.  Travel  times  for  first  ar- 
rivals from  data  of  the  two  laboratories 
are  in  excellent  agreement.  The  DTM 
two-channel  data  lacked  the  detail  neces- 
sary for  accurate  comparisons  of  later  ar- 
rivals. The  Wisconsin  group  used  the 
five-channel  instruments  constructed  by  us 
in  1952-1953,  with  long  cables  giving  spac- 
ings  between  the  separate  seismometers 
such  that  the  total  spread  extended  more 
than  2  km.  For  the  past  five  years  we  have 
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Fig.  3.     Travel-time  curves   of  crustal  data  obtained  from   three  shot  points   in   Montana   and 
northeast  Wyoming. 


been  using  reconnaissance  instruments  of 
two  channels  at  each  site,  with  separate  ob- 
serving sites  spaced  5  to  20  km  apart.  The 
importance  of  clearly  identified  second  ar- 
rivals, coming  up  at  steep  angles  from  be- 
low, in  reducing  the  ambiguity  of  inter- 
pretation concerning  buried  structures 
makes  us  inclined  to  return  to  observing 


with  arrays.  Instead  of  our  previous 
twenty-four-channel  arrays  we  now  favor 
modest  arrays  of  five  to  ten  seismometers, 
similar  to  those  we  used  in  the  Patuxent 
area  in  1952-1953  for  the  study  of  special 
problems.  The  details  of  observing  tech- 
nique have  become  of  importance  to  others 
in  recent  months,  especially  in  connection 


TABLE  2.    Crustal  Data  from  Seismic  Refraction  Studies  in  Montana  and  Wyoming 


Cliff  Lake 

Sailor  Lake 

Acme  Pond 

Layer 

Velocity, 

km/sec 

Thickness, 
km 

Velocity, 
km/sec 

Thickness, 
km 

Velocity, 
km/sec 

Thickness, 
km 

Crust  (upper) 
Crust  (lower) 
Mantle 

Total  crust 

5.73 
6.70 
8.15 

14.2 
36.1 

50.3 

6.07 
6.90 
8.40 

19.7 
25.6 

45.3 

5.98 

6.76 
8.0 

14.8 
27.1 

41.9 
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with  the  Geneva  Conference  on  a  per- 
manent cessation  of  atom-bomb  testing, 
with  the  necessary  development  of  a  suit- 
able detection  system  to  verify  the  absence 
of  explosions. 

Mineral  Age  Measurements   and 
Earth  History 

L.  T.  Aldrich,  G.  W.  Wetherill,  M.  N.  Bass} 
G.  R.  Tilton,2  and  G.  L.  Dams  2 

The  study  of  earth  history  as  revealed 
in  patterns  of  radioactive  ages  has  con- 
tinued to  be  both  fruitful  and  interesting. 
Several  times  during  the  past  eight  or 
nine  years  it  has  been  necessary  to  abandon 
a  previously  desirable  and  plausible  simpli- 
fication until  now  the  group  has  adopted  a 
most  conservative  stance  as  we  consider 
the  range  of  problems  and  solutions  to 
these  problems  by  measurements  of  the 
ratios  of  parent  to  daughter  isotopes  in 
suitable  minerals. 

Our  group  has  now  studied  in  some  de- 
tail three  small  areas  and  one  large  area  of 
the  North  American  continent  using  ages 
derived  from  the  decay  of  the  isotopes 
of  uranium  and  thorium  to  lead  (U-Pb, 
Th-Pb),  of  rubidium  to  strontium  (Rb- 
Sr),  and  potassium  to  argon  (K-Ar).  The 
results  may  be  summarized  by  the  state- 
ment that  no  a  priori  method  of  anticipat- 
ing the  relationships  of  all  the  ages  derived 
from  these  measurements  has  been  found. 
For  example,  the  pattern  of  ages  typical 
of  biotite,  feldspar,  and  zircon  from  a 
granite  from  the  Rocky  Mountain  Pre- 
cambrian  areas  looks  like  that  in  figure  Ab 
for  the  Quartz  Creek  granite.  For  these 
minerals  there  is  good  agreement  at 
1400  m.y.  between  the  Rb-Sr  ages  of  biotite 
and  feldspar  and  the  K-Ar  age  of  the 
biotite.  Except  for  the  zircon  Pb-Pb  age 
all  other  ages  are  from  15  to  20  per  cent 
lower.  Contrast  this  with  the  data  from 
the  Baltimore  gneiss  (fig.  4a),  where  the 
zircon  ages  are  all  in  good  agreement  with 

1  Carnegie  Institution  Fellow. 

2  Geophysical  Laboratory,  Carnegie  Institution 
of  Washington. 


each  other  and  with  the  Rb-Sr  age  of  the 
feldspar.  Now  the  mica  ages  are  less  than 
half  the  zircon  ages — a  complete  reversal 
of  the  pattern  in  the  Rocky  Mountains. 
The  Baltimore  gneiss  was  known  to  be  in 
a  region  of  metamorphosed  rocks.  The  in- 
fluence of  the  metamorphism  on  the  age 
pattern  could  hardly  have  been  predicted 
from  the  Rocky  Mountain  results.  The 
data  on  the  Carney  Lake  gneiss  (fig.  Ac) 
are  quite  similar  to  those  of  the  Baltimore 
gneiss  for  two  quite  different  times  in 
earth  history,  but  here  the  zircon  ages 
themselves  are  discordant. 

The  discordance  of  zircon  ages  was  sug- 
gested as  a  potential  source  of  additional 
information  on  the  history  of  the  mineral. 
Indeed,  it  may  sometimes  be  such  a  source, 
but,  as  is  explained  in  more  detail  in 
this  year's  report  of  the  Director  of  the 
Geophysical  Laboratory,  an  explanation  of 
equal  possibility,  and  sometimes  of  greater 
probability,  is  that  of  simple  diffusion  of 
the  daughter  element  from  the  zircon 
crystal.  The  discordance  observed  will  not 
in  itself  distinguish  between  the  two 
processes — episodic  or  continuous. 

Another  effect  of  metamorphism  noted 
in  several  pegmatites  and  granites  is  the 
relationship  of  the  Rb-Sr  ages  of  micas 
and  feldspar.  The  stability  of  these  miner- 
als as  indicated  by  their  Rb-Sr  age  is 
greatest  for  feldspar,  less  for  muscovite, 
and  least  for  biotite. 

As  a  result  of  these  experiences  it  is 
now  concluded  that  one  must  make  every 
possible  measurement  on  every  possible 
mineral  in  an  area  and  account  for  varia- 
tions in  the  age  patterns  found.  The  pos- 
sibility must  then  be  faced  that  relatively 
limited  conclusions  may  still  be  all  that 
can  safely  be  deduced. 

Despite  this  conclusion  it  can  still  be 
hoped  that  measurements  made  by  the 
same  method  will  give  information  about 
two  fundamental  geological  questions:  (1) 
is  the  mineral-forming  process  an  essen- 
tially continuous  one,  and  (2)  are  there 
discrete  epochs  of  tectonic  activity  sur- 
rounded by  quiescent  periods  ?  If  there  are 
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Fig.  4.    Patterns  of  ages  by  different  decay  schemes  and  on  different  minerals  for  three  areas. 


discrete  epochs,  to  what  extent  are  they 
simultaneous  on  all  continents?  Figure  5 
shows  the  accumulation  of  Rb-Sr  ages 
from  all  sources  distributed  in  time  and 
separated  by  continent.  The  blocks  are 
separated  by  a  time  comparable  to  the  error 
of  the  measurement.  The  data  are  some- 
what minimal,  but  there  seem  to  be  emerg- 


ing significant  epochs  at  1000  m.y.  and 
2600  m.y.  which  occur  in  nearly  all  con- 
tinents. 

The  following  paragraphs  present  fur- 
ther details  of  studies  carried  on  during 
the  year. 

Northern  Michigan.  This  is  the  vale- 
dictory report  on  the  measurements  made 
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on  the  metamorphic  rocks  from  the  area 
around  Iron  Mountain,  Michigan.  Dur- 
ing the  past  two  and  a  half  years  about 
100  parent-to-daughter  ratios  have  been 
measured  in  an  area  about  50  miles  on  a 
side  in  an  attempt  to  understand  the  rela- 
tionship of  mineral  age  patterns  and  the 
very  common  geologic  process  of  meta- 
morphism.  Although  interesting  relation- 
ships have  been  found,  the  area  has  been 
demonstrated  to  have  a  very  complex  meta- 
morphic history  with  at  least  three  dis- 
cernible periods  of  metamorphism  ranging 
over  at  least  1400  million  years  of  geologic 
history.  This  complexity  was  not  envisaged 


Survey.  The  plus  signs  mark  sample  lo- 
cations. Figure  6b  shows  precisely  the 
same  geography  and  sample  locations.  The 
plus  signs  are  replaced  by  numbers,  and 
contours  of  lines  believed  by  James 3  to 
enclose  rocks  of  equivalent  metamorphic 
grade  are  shown.  The  grade  enclosed  is 
indicated  by  the  letters  in  the  contour 
as  follows:  Si,  sillimanite  (highest  grade)  ; 
St,  staurolite;  Ga,  garnet;  Bi,  biotite.  The 
areas  between  the  biotite  zones  are  in  the 
chlorite  zone,  or  zone  of  lowest  grade  of 
metamorphism.  The  basis  for  defining  the 
zones  has  been  given  by  James  in  his  1955 
paper.    A   comparison   of  the  two  maps 


TIME  IN  MILLIONS  OF  YEARS 
Fig.  5.    Time  distribution  of  Rb-Sr  ages  on  world-wide  basis,  and  classified  by  continent. 


when  the  work  was  begun,  but,  in  spite 
of  the  complexity,  regularities  in  the  pat- 
terns of  ages  measured  permit  the  broad 
outline  of  the  history  of  mineral-forming 
events  to  be  defined.  The  work  was  made 
meaningful  by  the  constant  cooperation, 
advice,  and  help  in  collection  on  three 
different  occasions  by  H.  L.  James  and 
K.  L.  Wier  of  the  U.  S.  Geological  Survey. 
Their  continued  interest  and  concern  with 
the  geologic  interpretations  have  made  this 
a  truly  cooperative  venture.  The  opinions 
and  interpretations  of  the  data  given  here 
are  in  no  way  the  responsibility  of  James 
and  Wier,  but  these  men  have  contributed 
considerably  to  their  development. 

Figure  6a  is  a  generalized  geologic  map 
of  the  area  adapted  from  an  open  file  map 
by  C.  E.  Dutton  of  the  U.  S.  Geological 


shows  that  metamorphic  zones  are  in  no 
way  related  to  geologic  trends  now  ex- 
pressed by  the  surficial  geologic  exposures. 
It  is  also  seen  that  the  minerals  analyzed 
come  from  all  the  metamorphic  zones. 
Figure  6b  also  gives  a  generalized  pattern 
of  trends  of  the  ages  of  biotites,  analyzed 
from  each  of  the  zones.  The  shading 
crosses  not  only  geologic  boundaries  but 
also  those  indicated  for  the  metamorphic 
zones.  This  is  one  of  the  bases  for  inferring 
a  multiple  metamorphic  history  of  the 
area. 

Table  3  gives  the  ages  that  are  the  basis 
for  the  interpretation  in  the  map.  The 
general  trend  of  the  biotite  ages  in  both 

3  H.  L.  James,  Bull.  Geo!.  Soc.  Am.,  66,  1455- 
1488,  1955. 
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Fig.  6.     (a)    Sample  localities  on  generalized  geologic  map.    (b)  Metamorphic  zones  and  geo- 
graphic distribution  of  biotite  ages  grouped  according  to  relative  magnitude. 
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TABLE  3.    Rubidium-Strontium  and  Potassium-Argo 

n  Ages 

of  Micas  and  Microcline 

in  Northern  Michigan 

Sample  Source 

Age,  million  years 

Sample 
No. 

Biotite 

Muscovite 

Microcline 

Rb-Sr 

K-Ar 

Rb-Sr 

K-Ar 

Rb-Sr 

Peavy  metamorphic  node 

Sillimanite  zone 

1 

Michigamme  slate 

1350 

1240 

1140 

2 

Pegmatite 
Staurolite  zone 

1290 

1100 

1670 

1290 

1650 

3 

Michigamme  slate 

1340 

1100 

4 

Sturgeon  quartzite 

2010 

1130 

5 

Black  Rock  pegmatite 
Banded  gray  gneiss  at  pegmatite 

1350 
1370 

1240 
1280 

(a)  1880 

(b)  1680 

1350 
1630 

1900 

6 

Pink  Rock  pegmatite 

1420 

1220 

1850 

1510 

1710 

7 

Banded  gray  gneiss 

1540 

1420 

8 

Randville  dolomite 

1590 

1440 

1730 

1450 

9 

Michigamme  slate 

1490 

1360 

10 

Michigamme  slate 

1570 

1340 

1610 

1450 

11 

Granite  dyke,  Vulcan  formation 

1620 

1570 

12 

Granite  dyke,  Randville  formation 
Garnet  zone 

1590 

1440 

13 

Little  Tobin  Lake  granite 

1290 

1160 

14 

Lake  Mary  granite 

1370 

1330 

15 

Michigamme  slate 

1390 

1280 

16 

Granite  Bluffs  granite 

1110 

1150 

1570 

17 

Michigamme  slate 

1390 

1280 

18 

Carney  Lake  gneiss 

1380 

1360 

2300 

19 

Granite  (sheared) 
Chlorite  zone 

2380 

20 

Crystal  Falls  granite 

1420* 

1240 

21 

Michigamme  slate 

Republic  metamorphic  node 

(Whole 

rock) 

1210 1 

1440 

22 

Margeson  Creek  gneiss 

1590 

1370 

2900 

23 

Pegmatite  (Republic) 

Florence  Co.  (Wis.)  node 
Garnet  zone 

1830 

1760 

24 

Quartz  diorite 

1350 

1370 

25 

Quinnesec  greenstone 
Biotite  zone 

1350 

1340 

26 

Granite 

1350 

1230 

1500 

1350 

1520* 

*  ±300. 

t  ±250. 

the  staurolite  and  the  biotite  zones  is 
toward  increasing  ages  as  one  goes  east. 
For  samples  in  which  both  biotite  and 
muscovite  were  analyzed  the  ages  of  the 
muscovite  are  invariably  greater  than  those 
of  the  biotite.  Where  biotite  and  feldspar 
from  the  same  sample  are  analyzed  the 


feldspar  age  is  also  invariably  higher  than 
that  of  the  biotite,  sometimes  by  nearly  a 
factor  of  2.  In  samples  for  which  all  three 
ages  were  obtained  there  is  remarkably 
good  agreement  between  feldspar  and 
muscovite  Rb-Sr  ages,  which  are  always 
greater   than   the   Rb-Sr   age   of  the 


ac- 
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companying  biotite.  Adding  the  data  of 
table  4  to  those  of  table  3  gives  a  pattern 
typified  by  the  Carney  Lake  gneiss  in 
figure  4c. 

From  the  data  of  these  two  tables  the 
"least  complicated"  history  of  mineral- 
forming  events  may  be  deduced,  which  is 
summarized  as  follows: 

1.  2700  m.y.+  :  Formation  of  minerals 
in  Carney  Lake,  banded  gray,  and  Marge- 
son  Creek  gneisses  and  other  basement 
rocks.  (Bases:  zircon  Pb207-Pb206  and  feld- 
spar Rb-Sr  ages.) 

2.  1900  ±100  m.y.:  Metamorphism  of 
Sturgeon    quartzite,   Randville    dolomite, 


crystallized  over  much  of  the  area  east 
and  south  of  the  Sturgeon  River. 

5.  1150  ±50:  End  of  time  at  which  area 
was  heated  sufficiently  to  have  minerals 
lose  parent-to-daughter  relationship. 

Whether  events  4  and  5  can  really  be 
distinguished  is  at  least  debatable  on  the 
basis  of  these  data  alone.  In  fact,  the 
regional  pattern  of  K-Ar  ages  of  the  bio- 
tites  suggests  precisely  the  same  arrange- 
ment of  "zones"  of  low,  intermediate,  and 
high  ages  as  the  regional  pattern  of  the 
Rb-Sr  ages  of  the  biotites. 

Despite  the  complexity  of  the  data,  then, 
certain  patterns  of  ages  have  been  found 


TABLE  4.     Ages  of  Zircons,  Feldspars,  and  Biotite  from  the  Same  Rock 


Sample  Source 

Age,  million 

years 

Sample 

No. 

Th232- 

pb208 

Zircon 

■Q238_          TJ235_ 
p^206          Pb207 

Pb207- 

Pb206 

Feldspar 
Rb-Sr 

Biotite 

Rb-Sr 

K-Ar 

5 
18 
22 
24 
26 

Banded  gray  gneiss 
Carney  Lake  gneiss 
Margeson  Creek  gneiss 
Quartz  diorite,  Wisconsin 
Granite,  Wisconsin 

1300 
1240 
1220 
1610 
960 

1710 

1735 
880 

1560 
815 

2100 
2160 
1240 
1695 
1085 

2510 
2590 
1970 
1830 
1690 

2300 
2900 

1520 
(±300) 

1370 
1380 
1590 
1350 
1350 

1280 
1360 
1370 
1370 
1230 

Vulcan  Iron  Formation,  and  possibly 
Michigamme  slate.  (Bases:  1.  Rb-Sr  ages 
of  muscovite  in  Sturgeon  quartzite  and 
Randville  dolomite  and  feldspar  and 
muscovite  in  pegmatites.  2.  Metamorphism 
of  Randville  dolomite  before  intrusion  of 
granitic  dyke.4  [Dyke  is  at  least  1650  m.y.] 
3.  Pattern  of  zircon  ages  in  Marinette 
County  suggests  time  of  formation  of 
1900  m.y.) 

3.  1650  ±  100 :  Intrusion  of  granite  dykes 
and  perhaps  pegmatites  and  granites  in 
Iron  County  and  metamorphism.  (Bases: 
Feldspar  and  mica  Rb-Sr  ages  of  dykes 
and  pegmatites,  metamorphic  ages  in 
area.) 

4.  1350  ±50:  Regional  metamorphism 
in  which  new  biotite  was  formed  or  re- 

4  H.  L.  James,  Bull.  Geol  Soc.  Am.,  66,  1483, 
1955. 


that  agree  with  those  reported  by  this 
group  for  other  areas.  As  a  result  of 
these  correlative  studies,  the  stability  of 
various  suitable  minerals  has  been  found 
to  be  consistent  over  a  very  wide  variety 
of  environmental  conditions,  and  the  re- 
quirements in  terms  of  age  measurements 
for  providing  even  part  of  the  geologic 
history  of  any  area  have  been  reasonably 
well  established. 

Rb-Sr  Ages  of  Crystalline  Roc\s  from 
Basement  Wells 

It  has  long  been  assumed  that  the  crystal- 
line rocks  beneath  the  Interior  Lowlands 
of  the  United  States  are  essentially  a 
buried  extension  of  the  exposed  Canadian 
Shield.  There  are  certain  obvious  differ- 
ences, primarily  the  fact  that  one  is  covered 
by  sedimentary  rocks  but  the  other  is  not. 
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Certain  less  obvious  differences  have  been 
revealed  by  geological  and  geophysical 
studies  and  by  deep  drilling.  On  a  regional 
scale  the  Interior  Lowlands  are  character- 
ized by  numerous  irregular  to  circular 
basins  with  unmetamorphosed  and  essen- 
tially undeformed  sedimentary  rocks  up 
to  15,000  feet  thick.  The  more  elongate 
Anadarko  basin  may  contain  sedimentary 
rocks  in  excess  of  40,000  feet  thick.  Such 
basins  are  largely  absent  in  the  Canadian 
Shield.  The  somewhat  similar  "Pro- 
terozoic"  troughs  are  generally  elongate 
and  deformed,  and  their  rocks  are  often 
metamorphosed.  The  basins  of  the  In- 
terior Lowlands  of  the  United  States  may 
be  described  as  "persistent,"  because, 
though  most  of  them  attained  their  full  de- 
velopment in  late  Paleozoic  times,  none 
of  them  has  shown  a  tendency  to  rebound 
isostatically.  Contrary  to  the  consequences 
of  any  hypothesis  of  diastrophic  origin 
of  such  basins  which  does  not  provide  for 
changes  of  crustal  thickness,  this  lack  of 
rebounding  and  gravity  measurements 
per  se  indicates  that  the  basins  are  in 
isostatic  equilibrium.  This  and  the  fact 
that  the  basins  are  filled  with  shallow 
water  deposits  lead  to  the  suggestion  that 
the  depressions  of  the  crystalline  crust 
are  due  largely  to  the  weight  of  overlying 
sediments  in  areas  of  initially  thin  crust. 
This  explanation  is  the  same  as  that  re- 
cently favored  for  the  Gulf  Coast  geosyn- 
cline,  which  presumably  rests  on  the  thin 
edge  of  the  continent  and  on  the  adjacent 
ocean  floor.  The  origin  of  intracratonic 
areas  of  thin  crust  is  as  yet  not  known 
with  any  certainty. 

The  crystalline  rocks  underlying  the 
Interior  Lowlands,  where  studied  in  drill 
cuttings  and  cores,  thus  far  appear  to  lack 
the  graywacke-greenstone  suite  of  low- 
grade  metamorphic  rocks  so  common  in 
the  Canadian  Shield.  Sparse  well  coverage 
is  not  adequate  to  explain  the  absence 
of  these  rocks  over  certain  large  areas. 

Within  considerable  areas  of  the  Interior 
Lowlands  wells  have  failed  to  penetrate 
regional  metamorphic  rocks.    Such  areas 


are  underlain  by  igneous  rocks  of  granitic 
composition,  in  the  broad  sense.  These 
rocks  appear  to  have  been  extruded  or 
emplaced  at  very  shallow  depths.  By  virtue 
of  their  coarseness  some  of  these  rocks 
are  often  referred  to  as  "intrusive"  in  con- 
texts implying  or  categorically  stating  that 
they  originated  under  conditions  essen- 
tially similar  to  those  under  which  similar 
rocks  in  orogenic  belts  originated.  This 
implication  or  conclusion,  as  the  case  may 
be,  encounters  certain  difficulties.  No 
older  wall  or  roof  rocks  are  known.  The 
close  association  of  the  coarser  rocks  with 
abundant  extrusive  rocks  of  the  same  com- 
position, and  with  some  evidence  locally 
that  they  grade  into  each  other,  is  at  vari- 
ance with  what  is  known  in  orogenic  belts. 

These  differences  between  the  exposed 
and  buried  shields  of  central  North 
America  are  too  striking  to  ignore  because 
of  the  limited  amount  of  data  on  which 
they  are  based.  The  appearance  of  sug- 
gestive patterns  and  consistencies  in  these 
limited  data  is  perhaps  one  of  the  best 
reasons  for  taking  note  of  the  patterns, 
especially  since  they  raise  the  question 
whether  there  is  a  fundamental  difference 
in  mode  of  origin  or  history  between 
buried  and  exposed  shields.  This  is  closely 
tied  to  the  question  of  the  origin  of  conti- 
nents and  ocean  basins,  which  has  enjoyed 
attention  during  the  last  decade  on  a 
scale  previously  unknown.  In  view  of  the 
contrasts  cited  above,  and  others  which 
may  appear  later,  the  question  of  the  origin 
of  continents  will  be  incompletely  and 
perhaps  misleadingly  dealt  with  if  answers 
take  shape  on  the  basis  of  knowledge  of 
exposed  shields  together  with  the  assump- 
tion that  buried  shields  are  essentially  the 
same. 

Efforts  have  been  made  toward  remedy- 
ing the  gap  in  our  knowledge  of  buried 
shields.  Various  geologists  have  under- 
taken, and  several  have  completed,  petro- 
graphic  studies  of  cuttings  and  cores  from 
wells  in  selected  regions.  Their  studies 
suggest  the  existence  of  distinct  lithologic- 
tectonic  provinces.    The  confirmation  of 
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such  provinces  and  the  elucidation  of  their 
temporal  relationships  demand  a  means  of 
correlation  to  supplement  that  of  lithologic 
similarity.  The  strongest  correlational  tool 
for  this  purpose  is  age  measurement.  Be- 
low are  presented  some  preliminary  results 
of  application  of  this  tool  to  study  of  part 
of  the  buried  basement  of  the  central  and 
northeastern  Interior  Lowlands.  Further 
studies  are  in  progress,  designed  not  only 
to  establish  ages  as  such  but  also  to  test 
the  apparent  absence  of  regional  meta- 
morphism  over  certain  large  areas  and  to 
determine,  if  possible,  the  time  span  dur- 


differ  from  Grenville  mica  ages  to  the  east 
in  being  consistently  near  1000  m.y.;  to  the 
east,  the  Rb-Sr  ages  of  micas  from  rocks 
believed  to  have  crystallized  originally 
about  1000  m.y.  ago  range  from  350  to 
900  m.y.,  depending,  presumably,  on  the 
local  intensity  of  events  during  the  Ap- 
palachian orogeny  in  the  broad  sense  (i.e., 
embracing  most  of  the  Paleozoic  era) .  This 
suggests  that  intense  post-Grenville  events 
comparable  to  the  Appalachian  orogeny 
did  not  affect  Grenville  rocks  in  Ohio  and 
southern  Michigan.  Two  apparent  excep- 
tions are  the  ages  from  the  Voss  (no.  2) 
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Fig.  7.    Basement  well  location  map.  Numbers  correspond  to  those  in  table  5. 


ing  which  the  coarse-grained  and  volcanic 
rocks  of  these  areas  were  emplaced. 

Rb-Sr  ages  were  measured  on  minerals 
from  crystalline  rocks  penetrated  in  the 
basement  wells  whose  locations  are  shown 
in  figure  7  and  which  are  listed  in  table  5. 
The  numbers  in  the  table  correspond  to 
those  in  the  figure.  Results  are  discussed 
below  by  state. 

Michigan,  Ohio,  West  Virginia.  All 
basement-rock  ages  in  these  states  suggest 
correlation  of  the  basement  rocks  with 
those  of  the  Grenville  orogenic  belt.  The 
basement  rocks  are  high-grade  meta- 
morphic  rocks,  consistent  with  such  a  cor- 
relation. Where  dated  in  outcrop,  Gren- 
ville rocks  give  ages  of  approximately 
1000  m.y.    The  mica  ages  reported  here 


and  the  Sandhill  (no.  10)  wells.  The 
biotite  from  the  Voss  well  is  highly 
weathered,  presumably  as  a  result  of  pre- 
Upper  Cambrian  weathering.  It  was  the 
most  weathered  of  any  of  the  micas  in 
table  5  giving  Grenville  ages.  Of  the 
wells  shown  on  figure  7,  the  Sandhill  well 
is  closest  to  the  Appalachian  orogeny.  The 
Sandhill  biotite  is  fresh,  and  its  apparently 
low  age,  if  real,  may  be  due  to  Paleozoic 
events  that  created  the  Burning  Springs 
anticline  over  which  the  well  is  situated. 
The  anticline  is  probably  reflected  in  the 
topography  of  the  basement  surface. 

The  approximate  Grenville  boundary  in 
western  Ohio,  based  on  a  contrast  of  lithol- 
ogy  of  well  cuttings  and  cores  on  either 
side  of  the  boundary,  is  shown  in  figure  7. 
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Rocks  east  of  the  boundary  are  high-grade 
metamorphic  gneisses,  schists,  basic  am- 
phibolites,  marbles,  and  calc-silicate  granu- 
lites.  West  of  the  boundary  they  are  flows, 


this   lithologic  boundary  to  test   the  hy- 
pothesis that  it  is  truly  the  boundary  of  the 
Grenville  orogenic  belt. 
Extension  of  the  boundary  to  the  north 


TABLE  5.     Rb-Sr  Ages  of  Rocks  from  Basement  Wells 


Number 

Farm  or 
Well  Name 

Host  Rock 

Rb-Sr 

on  Fig 

•-             Operator 

County 

of  Mineral 

Mineral 

Age, 

lire  7 

Dated 

m.y. 

Michigan 

1 

St.  Clair  Oil  and  Gas 

Hurst 

St.  Clair 

Gneiss 

Biotite 

950 

2 

Colvin  and  Associates 

Voss 

Washtenaw 

? 

Biotite 

890 

3 

Colvin  and  Associates 

Meinzinger 

Washtenaw 
Ohio 

Gneiss 

Biotite 

970 

4 

J.  S.  Brailey 

Killian 

Wood 

Gneiss 

Biotite 

950 

5 

Ohio  Oil  Co. 

Bruns 

Sandusky 

Gneiss 

Biotite 

940 

6 

C.  W.  White 

Arting 

Huron 

Gneiss 

Biotite 

920 

7 

C.  L.  Wise  et  al. 

Vance 

Delaware 

Gneiss 

Biotite 
Muscovite 

950 
950 

8 

Kewanee  Oil  Co. 

Hopkins 

Fayette 

Basic  amphibo- 
lite  granite 

Biotite 
Muscovite 

940 

980 

9 

Kewanee  Oil  Co. 

Esther 

Fayette 

Basic  amphibo- 
lite 

Biotite 

930 

West  Virginia 

10 

Hope  Natural  Gas 

Sandhill 

Wood 

Gneiss 

Biotite 

870 

Missouri 

11 

St.  Joseph  Lead 

St.  Francis- 
ville 

Clark 
Iowa 

Biotite  selvage 
in  diorite  or 
gabbro  adja- 
cent to  quartz 
vein 

Biotite 

1550 

12 

E.  I.  du  Pont  de 

Nemours 

Well  5 

Clinton 

Granite 

Biotite 

1330 

13 

Dubuque  Packing  Co. 

Well  5 

Dubuque 

Granite 

Biotite 

1440 

14 

Bakke 

Winnesheik 

Basic  gneiss 

Biotite 

1200 
±110 

15 

U.  S.  Geological 
Survey 

Manson  2-A 

Pocahontas 

Gneiss,  367-ft 

depth 
Gneiss,  458-ft. 

depth 

Biotite 
Biotite 

1200 
1130 

16 

Zehr 

Pocahontas 

Gneiss 

Muscovite 

1150 

17 

Iowa  Oil  Development 

Wilson 
("Clarinda") 

Page 

Gneiss 

Biotite 
Muscovite 

1300 
1310 

pyroclastic  and  hypabyssal  igneous  rocks, 
and  various  sedimentary  rocks  that  give  no 
evidence  of  any  type  of  metamorphism 
other  than  deuteric  alteration.  Age  meas- 
urements are  under  way  on  rocks  west  of 


is  not  possible  at  this  time  because  of  lack 
of  well  data  in  the  Michigan  Basin.  Limits 
will  be  set  on  possible  extensions  when  age 
measurements  are  completed  on  basement 
rocks  from  wells  in  Wisconsin  immedi- 
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ately  west  of  Lake  Michigan.  The  exten- 
sion to  the  south  will  be  better  known 
upon  completion  of  study  of  cuttings  from 
wells  recently  drilled  in  eastern  Kentucky. 
Nonetheless,  it  is  interesting  to  note  that 
the  boundary  in  Ohio,  when  extended 
southward,  intersects  the  exposed  1000- 
m.y.-old  rocks  of  the  Blue  Ridge  Province 
near  their  southernmost  exposure. 

Missouri.  The  basic  rock  of  the  St. 
Francisville  well  (no.  11)  is  unusual  in 
that  most  if  not  all  other  basement  wells 
near  it  in  Illinois,  Missouri,  and  Iowa 
penetrate  acidic  igneous  rocks.  These  sur- 
rounding acidic  rocks  are  presumably  cor- 
relative with  granitic  rocks  in  Missouri, 
Iowa,  and  southern  Wisconsin  which  yield 
ages  of  1350  to  1450  m.y.  This  correlation 
is  now  being  tested  by  age  measurements 
on  basement  rocks  in  western  Illinois.  All 
other  basic  rocks  known  in  this  general 
region  are  dykes,  often  with  chilled  bor- 
ders, which  cut  the  acidic  rocks,  hence  are 
younger.  The  St.  Francisville  age  is 
anomalous  in  being  significantly  greater 
than  1450  m.y.  The  contact  relation  of  the 
St.  Francisville  basic  rock  to  the  surround- 
ing acidic  rocks  is  not  known.  The  rock  is 
so  coarse  as  to  suggest  that  it  is  an  intrusive 
rock  or  the  center  of  a  very  thick  flow. 
The  interpretation  of  this  age  must  await 
more  detailed  studies  of  available  samples 
and  the  drilling  of  more  wells  in  north- 
eastern Missouri. 

Iowa.  A  binocular-microscopic  study  of 
all  basement-well  samples  available  at  the 
Iowa  Geological  Survey  indicated  that  the 
state  can  be  divided  into  three  parts.  A 
belt  running  diagonally  from  northeast 
to  southwest  across  the  center  of  the 
state  contains  all  metamorphic  and  basic 
igneous  rocks  thus  far  encountered  in 
wells.  Most  of  the  basic  rocks  are  unde- 
formed.  This  belt  very  roughly  cor- 
responds with  or  parallels  belts  of  positive 
magnetic  and  gravity  anomalies.  To  the 
southeast,  only  granitic  rocks  were  pene- 
trated. To  the  northwest,  basement  wells 
encountered  granitic  and  acidic  volcanic 
rocks    and,    in    the    extreme    northwest, 


quartzites,  which  are  presumably  the  sub- 
surface extension  of  the  Sioux  quartzite 
of  South  Dakota  and  Minnesota. 

Ages  on  rocks  from  the  du  Pont  (no. 
12)  and  Dubuque  (no.  13)  wells  in  the 
southeastern  part  of  the  state  agree  with 
ages  of  1350  to  1450  m.y.  on  similar  granitic 
rocks  from  southern  Wisconsin  to  the 
Arbuckle  Mountains. 

Ages  have  not  been  measured  on  acidic 
igneous  rocks  in  the  northwestern  part  of 
the  state,  and  basic  igneous  rocks  in  the 
central  diagonal  belt  yielded  no  minerals 
on  which  ages  could  be  measured. 

The  apparent  ages  of  metamorphic  rocks 
in  the  central  diagonal  belt  range  from 
1100  to  1300  m.y.  Both  the  meager  age 
data  and  the  sparse  well  coverage  render 
it  inadvisable  to  draw  firm  conclusions 
pending  detailed  petrographic  studies  and 
the  drilling  of  more  wells.  H.  Yoho  of  the 
University  of  Florida  is  currently  pursuing 
the  petrographic  investigations.  The  fol- 
lowing statements  are  of  the  most  tentative 
nature  and  will  no  doubt  need  considerable 
revision  as  further  information  is  gathered. 

The  only  suggestion  of  a  real  event  is 
afforded  by  the  concordance  of  the  mica 
ages  from  the  Wilson  well  (no.  17),  which 
is  widely  known  also  as  the  Clarinda 
well.  The  metamorphic  rocks  from  the 
Bakke  (no.  14),  Manson  2-A  (no.  15),  and 
Zehr  (no.  16)  wells  yield  ages  lower  than 
those  from  the  Wilson  well,  but  they  are 
not  necessarily  truly  lower,  for  the  follow- 
ing reasons.  The  Bakke  biotite  contains 
abundant  common  strontium,  which  leads 
to  a  considerable  uncertainty  in  its  age. 
The  range  of  this  uncertainty  overlaps  the 
ages  from  the  Wilson  well.  The  Manson 
2-A  and  Zehr  micas  might  have  undergone 
weathering  which  lowered  their  ages,  as  is 
discussed  more  fully  below. 

The  Manson  2-A  and  Zehr  wells  are  lo- 
cated in  an  area  of  very  shallow  basement 
rocks  which  has  been  interpreted  by  Hop- 
pin  and  Dryden 5  as  a  "cryptovolcanic" 
structure.    Recently  some  such  structures 

5  R.  A.  Hoppin  and  J.  E.  Dryden,  /.  GeoL,  66, 
694-699,  1958. 
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have  been  interpreted  as  possible  meteorite 
impact  scars.  The  gneisses  underlying  this 
area  are  highly  contorted  and  often 
coarsely  to  minutely  brecciated.  Their 
feldspar  is  almost  completely  and  their 
quartz  quite  extensively  altered  to  clay.  It 
is  not  certain  whether  this  alteration  is  of 
hydrothermal  or  meteoric  origin,  or  both. 
If  it  is  of  meteoric  origin,  as  seems  likely 
at  least  in  part,  the  weathering  could  have 
occurred  at  one  or  all  of  the  several  differ- 
ent times  of  weathering  from  Precambrian 
to  Pleistocene  time  which  can  be  fitted 
into  the  various  plausible  geologic  histories 
of  the  area.  It  is  uncertain  to  what  extent 
such  weathering  affected  the  micas,  and 
what  the  nature  of  the  possible  effects  of 
such  weathering  would  be.  As  a  first  guess 
one  might  expect  that  the  weathering 
tended  to  reduce  the  ages. 

The  apparent  ages  in  table  5  allow  cer- 
tain limits  to  be  placed  on  this  specula- 
tion. The  shallower  biotite  in  the  Manson 
2-A  well  gave  the  higher  apparent  age. 
Therefore,  any  tendency  of  weathering  to 
reduce  apparent  ages  was  not  a  simple  in- 
verse function  of  depth.  One  expects  a 
priori  that  muscovite  will  withstand 
weathering  or  hydrothermal  alteration 
better  than  biotite.  The  fairly  close  agree- 
ment of  the  biotite  and  muscovite  ages  sug- 
gests one  of  the  following  alternatives: 
(1)  both  types  of  mica  suffered  very  little 
during  the  alteration;  (2)  most  or  all  of 
the  alteration  occurred  between  1100  and 
1200  m.y.  ago,  with  almost  complete  loss  of 
radiogenic  daughter  products  from  both 
types  of  mica.  The  first  alternative  would 
indicate  an  event  between  1100  and  1200 
m.y.  ago,  thus  casting  some  doubt  on  cor- 
relation with  the  rocks  of  the  Wilson  well. 
The  second  alternative  would  allow  cor- 
relation with  the  Wilson  basement  rocks, 
but  requires  extensive  alteration  which 
nevertheless  left  the  biotite  intact — a  re- 
quirement that  seems  unlikely. 

In  order  to  insist  on  correlation  with  the 
Wilson  basement  rocks  and  a  uniform  age 
of  about  1300  m.y.  one  must  assume  that 
the  weathering,  whenever  it  occurred,  af- 


fected the  micas  relatively  slightly  com- 
pared with  feldspar,  and  affected  musco- 
vite and  biotite  to  about  the  same  extent. 

If  the  various  metamorphic  rocks  can 
be  correlated  and  assigned  an  age  of  about 
1300  m.y.,  the  crude  coincidence  of  their 
distribution  with  the  geophysical  anoma- 
lies encourages  a  picture  of  a  northeast- 
trending  orogenic  belt  in  which  basic  rocks 
were  emplaced  after  deformation  had 
largely  ceased.  To  the  east  and  southeast 
of  this  belt  is  an  extensive  region  of 
igneous  rocks  devoid  of  any  signs  of  re- 
gional metamorphism  except  for  a  narrow 
east-west  belt  of  metamorphic  rocks  in 
central  Missouri  outlined  on  a  basement 
geologic  map  of  Missouri  compiled  by 
J.  D.  Grenia  of  the  Missouri  Geological 
Survey.  This  largely  nonorogenic  region, 
which  extends  eastward  to  the  Grenville 
boundary  of  figure  7,  appears  to  be  char- 
acterized by  ages  of  1350  to  1450  m.y.  The 
1300-m.y.-old  belt  diagonally  crossing  Iowa 
might  then  mark  the  northwestern  edge 
of  the  nonorogenic  igneous  province.  Oro- 
genic activity  might  have  occurred  along 
this  and  possibly  other  borders  of  the 
igneous  province,  the  metamorphic  activity 
along  the  belt  in  Iowa  having  persisted 
slightly  longer  than  the  purely  igneous  ac- 
tivity to  the  east  and  southeast. 

Needless  to  say,  none  of  the  above  al- 
ternatives and  interpretations  is  entirely 
pleasing.  It  is  tempting  to  outline  the  di- 
agonal central  belt  of  Iowa.  This  tempta- 
tion is  enhanced  by  the  rough  correlation 
with  geophysical  anomalies  which  suggest 
that  a  true  lithologic  and  tectonic  province 
or  belt  may  be  represented.  But  in  the 
last  analysis  the  data  are  few  and  insistence 
on  the  reality  of  the  tripartite  division  of 
Iowa  can  be  supported  only  by  prejudice. 
The  greatest  caution  must  be  exercised  in 
entertaining  various  possible  interpreta- 
tions, and  acceptance  of  any  of  them  at  this 
time  would  be  foolhardy. 

Age  Measurements  in  Finland 

The  study  of  the  ages  of  the  meta- 
morphic and  igneous  rocks  of  the  Pre- 
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cambrian  of  Finland,  continuing  during 
the  past  year,  has  produced  new  and  in- 
teresting results.  This  work  is  being  done 
in  collaboration  with  Olavi  Kouvo  of  the 
Outokumpu  Co.,  Outokumpu,  Finland, 
and  Paul  Gast  of  the  University  of  Min- 
nesota. During  the  year  both  Kouvo  and 
Gast  visited  the  laboratory  and  made  meas- 
urements on  Finnish  samples;  the  results 
are  included  in  this  report. 

Previous  work,  primarily  that  of  Kouvo 
and  Gast  working  at  Columbia  University, 
indicated  that  both  orogenic  belts  of  Fin- 
land, the  Svecofennidic  and  the  Karelidic, 
seemed  to  be  about  1750  m.y.  old.  The 
only  exception  to  this  uniform  result  was 
the  Pb207-Pb206  age  of  2530  m.y.  obtained 
for  zircon  from  the  Sotkuma  gneiss  in  the 
Karelidic  belt,  and  even  in  this  case  the 
Rb-Sr  age  of  the  associated  biotite  was 
only  1800  m.y.  This  gneiss  occurs  as  a 
dome  of  presumably  pre-Karelidic  rock 
mantled  by  Karelidic  metasediments.  At 
the  time,  Kouvo  suggested  that  this  figure 
might  represent  the  age  of  the  pre-Kare- 
lidic basement  upon  which  the  Karelidic 
sediments  were  deposited  and  which  in 
turn  were  metamorphosed  and  intruded 
during  the  Karelidic  orogeny  1750  m.y. 
ago. 

This  suggestion  gained  considerable 
credibility  as  a  result  of  Carnegie  Institu- 
tion measurements  on  mantled  gneiss 
domes  in  the  vicinity  of  Baltimore,  Mary- 
land. As  was  stated  in  the  annual  report 
for  1958-1959,  the  zircons  in  these  rocks 
have  an  age  of  about  1000  m.y.,  and  this 
age  is  in  agreement  with  the  Rb-Sr  age  of 
feldspar  from  the  same  rocks.  In  contrast, 
the  biotite  Rb-Sr  and  K-Ar  ages  are  much 
lower,  around  300  m.y.  Rocks  1000  m.y. 
old  are  found  in  a  belt  extending  at  least 
from  Quebec  to  Tennessee  and  represent 
the  Grenville  orogenic  belt;  the  300-m.y. 
ages  are  typical  of  the  Paleozoic  Ap- 
palachian orogeny.  The  Baltimore  gneiss 
ages  were  then  interpreted  as  the  result 
of  the  involvement  of  the  old  pre-Ap- 
palachian  basement  of  Grenville  age  with 
the  Appalachian  orogeny.  The  geological 


similarity  of  the  mantled  gneiss  domes 
in  Maryland  and  in  Karelia  as  pointed  out 
by  Eskola  then  suggests  that  Kouvo's  in- 
terpretation of  the  Sotkuma  data  was 
correct. 

In  order  to  pursue  this  analogy  between 
the  mantled  gneiss  domes  of  Finland  and 
Maryland  still  further,  measurements  have 
been  made  on  additional  samples  from 
Finnish  domes  as  well  as  on  samples  from 
the  large  areas  of  pre-Karelidic  basement 
gneiss.  The  results  of  measurements  from 
three  of  these  domes  are  shown  in  table  6. 
Complete  isotopic  ages  of  zircon  that  have 
been  obtained  from  two  of  these  domes 
confirm  and  extend  Kouvo's  measurement 
of  the  high  Pb207-Pb206  age  of  the  Sotkuma 
zircon.  The  discordance  of  the  zircon  ages 
probably  arises  from  loss  of  lead  subse- 
quent to  their  formation  about  2600  m.y. 
ago.  Just  as  in  the  Baltimore  gneiss,  the 
older  age  is  preserved  by  the  feldspar  from 
the  Heinavaara  dome.  This  is  not  the  case 
for  the  feldspar  from  the  Sotkuma  dome. 
The  biotite  ages  from  all  three  mantled 
gneiss  domes  indicate  the  typical  Karelidic 
age  in  analogy  to  the  Appalachian  age 
indicated  by  the  biotites  from  the  Balti- 
more gneiss. 

Further  to  the  east  in  Karelia  are  larger 
areas  of  pre-Karelidic  basement  gneiss  that 
might  have  been  expected  to  be  freer  from 
the  effects  of  the  Karelidic  orogeny  than 
the  mantled  gneiss  domes.  The  results  of 
these  measurements  are  given  in  table  7. 
The  older,  approximately  2600-m.y.,  age 
is  preserved  by  the  zircon  and,  in  the 
single  cases  studied,  by  the  muscovite  and 
feldspar.  However,  the  biotite  ages  are 
still  low,  in  essential  agreement  with  the 
age  of  the  Karelidic  orogeny.  Apparently 
even  these  larger  areas  of  basement  gneiss 
were  not  completely  free  from  involve- 
ment in  the  Karelidic  orogeny.  Measure- 
ments in  Soviet  Karelia  even  further  to  the 
east  reported  by  Polkanov  and  Gerling 
indicate  that  this  mixing  of  1800-  and  2600- 
m.y.  ages  extends  at  least  as  far  as  the 
White  Sea. 

Table  8  gives  the  results  of  measure- 
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TABLE  6.    Ages  of  Minerals  from  Mantled  Gneiss  Domes  in  Finnish  Karelia 


Mineral 

Age,  milli 

on  years 

Location 

Rb-Sr 

K-Ar 

U238- 

pb206 

U235- 

pb207 

pb207. 

Pb206 

Th232- 

pb208 

1.    Heinavaara 

Biotite 

1785 

1740 

Feldspar 
Zircon 

2580 

2250 

2440 

2620 

1275 

2.    Sotkuma 

Biotite 

1760 

1740 

Feldspar 
Zircon 

2090 

1810 

2150 

2470 

1760 

3.    Pieni  Neulamaki 

Biotite 

1800 

1760 

TABLE  7.    Ages  of  Minerals  from  Larger  Areas  of  pre-Karelidic  Basement  Gneiss 

in  Finnish  Karelia 


Location 

Mineral 

Age,  million  years 

Rb-Sr 

K-Ar 

U238- 

pb206 

U235- 

pb207 

Pb207- 

pb206 

Th232- 
Pb208 

1. 

Matasvaara 

Biotite 

Feldspar 

Zircon 

1775 
2410 

1730 

2520 

2660 

2770 

2750 

2. 

Huhtilampi  (gneiss) 

Biotite 
Zircon 

1970 

1820 

2240 

2640 

1815 

3. 

Huhtilampi  (base- 
ment granite) 

Muscovite 

2610 

4. 

Koli 

Zircon 

1890 

2270 

2650 

1790 

TABLE  8.    Younger  Rocks  of  Eastern  Fennoscandia 


Location 

Rock 

Mineral 

j 

A.ge,  million  years 

Rb-Sr 

K-Ar 

TJ238_ 
pb206 

{J235_      pb207_ 
pb207       pb206 

Th232- 
Pb208 

1. 

Inari,  Finnish  Lapland 

Quartz 
diorite 

Biotite 
Zircon 

1860 

1880 

1820 

1870      1930 

1960 

2. 

Pielavesi,  Finland 

Pyroxene 
granite 

Biotite 

1760 

1730 

3. 

Petajavesi,  Finland   (cen- 
tral massive  granite  area) 

Granite 

Biotite 

1730 

4. 

Karelsky  Mine,  Karelian 
SSR 

Pegmatite 

Musco- 
vite 

1860 

1780 

5. 

Uto,  Sweden 

Pegmatite 

Musco- 
vite 

1900 

1800 

6. 

Lavia,  Finland 

Gneiss 

1610 

1720      1850 

1860 
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ments  on  younger  rocks  presumably  as- 
sociated with  the  Karelidic  and  Svecofen- 
nidic  orogenies  in  Finland  and  Sweden 
and  the  Belomorian  orogeny  in  the 
Karelian  SSR.  These  are  in  agreement 
with  previous  data,  and  they  represent  an 
extension  of  the  geographical  area  known 
to  be  occupied  by  rocks  of  this  age.  A  few 
rocks  appear  to  be  slightly  older,  perhaps 
about  1900  m.y.,  but  at  our  present  stage  of 


TABLE  9.    Age  Measurements 

of  Saudi 

Arabian 

Samples 

DTM 

Mineral 

Age,] 

nillion  years 

No. 

Rb-Sr 

K-Ar 

East  of  Najd  Fault 

1 

Biotite 

590 

580 

2 

Biotite 

620 

630 

3 

Biotite 

540 

575 

4 

Biotite 

600 

565 

5 

Biotite 

560 

530 

6 

Biotite 

550 

540 

West  of  Najd  Fault 

7 

Biotite 

1050 

710 

8 

Biotite 

990 

745 

9 

Muscovite 

850 

785 

10 

Biotite 

540 

530 

11 

Biotite 

530 

390 

12 

Biotite 

800 

600 

13 

Biotite 

590 

555 

14 

Biotite 

735 

730 

understanding  it  is  probably  premature  to 
try  to  resolve  and  interpret  these  differ- 
ences. 

Saudi  Arabia.  The  work  in  Saudi 
Arabia,  the  beginnings  of  which  were 
described  in  last  year's  annual  report,  has 
been  continued  with  the  help  of  Dr.  Glenn 
F.  Brown  of  the  U.  S.  Geological  Survey. 
Table  9  shows  the  ages  that  have  been 
measured,  and  figure  8  locates  the  sources 
of  the  biotite  samples.  The  geologic  in- 
formation is  generalized  from  a  map  pro- 
vided  by  Dr.  Brown.    Two  features   of 


these  data  should  be  noted.  First,  there 
seems  to  be  a  real  difference  in  the  pattern 
of  ages  in  the  two  groups  of  the  table, 
those  east  of  the  Nadj  fault  being  gen- 
erally discordant  (Rb-Sr  age  different  from 
K-Ar  age)  whereas  west  of  the  fault  con- 
cordance seems  to  be  the  rule.  Second, 
the  granite  at  Jabal  Salma  is  unconform- 
ably  overlain  by  the  Saq  sandstone,  which 
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Fig.  8.  Locations  of  biotite  samples  from 
Saudi  Arabia.  Shaded  portion  indicates  area  of 
exposed  crystalline  rocks. 

is  unmetamorphosed.  The  Saq  sandstone 
contains  trilobite  tracks  and  is  overlain  by 
a  Silurian  limestone.  Thus  the  590-m.y. 
age  of  the  granite  is  either  early  Paleozoic 
or  late  Precambrian. 

Zircons  are  notably  absent  from  these 
samples.  A  few  of  the  granites  appear 
to  have  a  sufficiently  high  ratio  of  Rb-Sr  to 
warrant  attempting  feldspar  analyses; 
these  will  provide  additional  needed  evi- 
dence on  the  tectonic  history  of  this  part 
of  the  African  Shield. 
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THEORETICAL  AND  STATISTICAL  GEOPHYSICS 


S.  E.  Forbush 


Equatorial  Electro  jet 


Investigation  of  the  equatorial  electro- 
jet,  begun  as  part  of  the  United  States 
program  for  the  International  Geophysical 
Year  (IGY)  with  funds  granted  by  the 
IGY  panel  on  geomagnetism,  was  con- 
tinued through  January  1960  under  the 
aegis  of  the  International  Cooperation  Year 
(IGC)  for  1959.  At  the  end  of  January, 
the  observational  program  in  Peru  was 
terminated  when  operation  of  the  four 
variographs  was  discontinued. 

Hourly  mean  values  of  declination  (D), 
horizontal  intensity  (H),  and  vertical  in- 
tensity (Z)  have  been  summarized  and 
tabulated  for  magnetically  quiet  and  dis- 
turbed days.  For  each  of  three  seasons  the 
tabulations  for  quiet  days  comprised  20 
days  for  which  the  records  from  the  four 
Askania  stations  (Talara,  Chiclayo,  Chim- 
bote,  and  Yauca)  and  from  Huancayo 
were  complete  or  nearly  so.  Similarly,  10 
such  magnetically  disturbed  days  were 
tabulated  for  each  season.  The  resulting 
90  tables  of  data  will  be  appended  in  a 
Carnegie  Institution  of  Washington  pub- 
lication describing  the  results  of  analyses 
made. 

Assuming  a  height  of  100  km  for  the 
eastward  primary  electrojet  current  near 
midday  (in  the  Pacific,  the  Iowa  group 
found,  from  rockoon-borne  magnetome- 
ters, a  height  of  106  km),  the  width  of 
the  primary  electrojet  current  band  is 
found  to  be  about  660  km,  if  the  current 
density  in  the  band  is  considered  constant 
across  it.  On  this  basis,  the  current  densi- 
ties derived  for  the  primary  external  elec- 
trojet and  for  the  normal  diurnal  varia- 
tion (Sq)  current  system  combine  to  give 
a  total  current  density  compatible  with 
that  measured  by  the  Iowa  group. 

The  electrojet  current  band  is  found  to 
be  centered  above  the  magnetic  dip  equa- 
tor (presently  at  geographic  latitude  13 °S 
in  Peru).  Near  midday  the  electrojet  ac- 
counts for  about  half  the  amplitude  of  the 


Sg  diurnal  variation  at  Huancayo  (see 
fig.  9).  The  secular  change  (1922-1960) 
in  the  range  of  Z  at  Huancayo  is  shown  to 
be  consistent  with  the  secular  change  in  the 
geographic  latitude  of  the  magnetic  dip 
equator  in  Peru. 

The  separation  of  the  observed  field  of 
the  electrojet  (near  midday)  into  com- 
ponents of  origin  external  and  internal  to 
the  earth,  together  with  the  separation  of 
jet  effects  from  normal  effects,  was  made 
possible  by  means  of  a  new  technique  re- 
cently developed  by  Dr.  Walter  Kertz,  a 
former  associate  of  Dr.  Bartels  at  Gottin- 
gen.  The  induced  (internal)  field  of  the 
electrojet  was  found  to  be  compatible  with 
that  from  the  image  of  the  jet  band  cur- 
rent flowing  westward  at  a  depth  of  about 
600  km.  This  in  turn  is  in  accord  with  the 
concept  that  the  earth's  crust  is  essentially 
nonconducting  to  a  depth  of  250  km  and 
perfectly  conducting  below  that  depth. 

No  electrojet  effects  are  found  at  night, 
and  there  is  no  evidence  for  electrojet  ef- 
fects on  the  storm  time  variation  (Dst). 
On  the  other  hand,  jet  effects  are  found, 
near  midday,  for  sudden  commencements, 
for  solar-flare  effects  (crochets),  and  for 
sudden  changes  (positive  or  negative  in 
H)  probably  associated  with  disturbances 
(Sd)  originating  in  or  near  the  auroral 
zones. 

The  observed  diurnal  variation  of  the 
vertical  field  north  and  south  from  the 
center  of  the  electrojet  exhibits  consider- 
able deviation  from  the  asymmetry  that 
would  be  expected  from  a  band  current 
for  the  external  jet  effect.  Also,  there  is 
not  only  a  considerable  deviation  from 
asymmetry  in  the  diurnal  variation  of 
declination  (D)  north  and  south  of  the 
jet  region  but  also  a  marked  change  in 
this  deviation  with  season.  These  effects 
in  D  indicate  northward  (or  southward) 
components  of  the  combined  Sq  and  jet 
current  systems  which  probably  also  ac- 
count for  the  deviation  from  asymmetry 
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found  for  the  diurnal  variation  of  Z  north 
and  south  of  the  jet  region.  Such  effects 
may  make  the  separation  of  the  observed 


To  ascertain  whether  some  of  the  ob- 
served asymmetry  in  the  diurnal  variation 
may  arise  from  deviations  from  uniform 
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Fig.  9.  Latitude  variation  near  equinoxes  of  diurnal  ranges,  RTH,  in  the  horizontal  magnetic 
component  {A)  and  RTZ  in  the  vertical  component  (B).  The  effect  of  the  midday  eastward  elec- 
trojet  band  current  is  shown  by  the  deviations  of  RTH  and  RTZ  from  their  respective  "normal" 
values  RNH  and  RNZ.  C  shows  the  change,  kD,  in  hourly  mean  declination  from  10.5  to  12.5  hours 
75°  WMT. 


jet  field  into  sources  of  external  and  in- 
ternal origin  somewhat  uncertain,  since 
this  separation  is  necessarily  made  through 
the  application  of  solutions  of  Laplace's 
equation  in  two  dimensions. 


subterranean  conductivity,  the  fields  at  the 
five  stations  in  the  Peruvian  net  from  a 
few  night-time  sudden  commencements 
were  examined,  since  these  would  be  free 
of  Sq  and  jet  effects.  The  observed  vertical 
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field  of  these  sudden  commencements  is 
found  to  change  sign  at  geographic  lati- 
tude 8°S,  which  is  the  geographic  latitude 
of  the  cosmic-ray  equator  as  determined  by 
Simpson  in  1956  for  this  longitude.  If 
similar  agreement  obtains  in  other  parts 
of  the  world,  it  would  have  important  con- 
sequences for  theories  of  the  mechanism 
for  sudden  commencements.  Study  of  ad- 
ditional data  appears  necessary  to  deter- 
mine whether  this  observed  effect  is  actu- 
ally one  associated  with  the  cosmic-ray 
equator  or  whether  it  arises  from  a  sub- 
terranean conductivity  anomaly  in  Peru. 
Using  the  known  lunar  effect  on  H  at 
Huancayo,  which  is  largest  in  northern 
winter,  a  lunar  effect  of  similar  magnitude 
is  found  in  the  difference,  Yauca  minus 
Chimbote,  in  the  daily  range  of  vertical 
intensity.  This  indicates  an  electrojet  effect 
in  the  lunar  variation. 

Cosm  ic-Ray  In  vestigatio  n  s 

The  24-hour  and  12-hour  waves  in  cos- 
mic-ray intensity  at  Cheltenham  (Fred- 
ericksburg), Huancayo,  and  Christchurch 
and  their  variability  were  analyzed  statis- 
tically, using  data,  corrected  for  pressure, 
for  the  period  1937-1959  from  Compton- 
Bennett  ionization  chambers.  The  degree 
of  correlation  between  the  deviations  of 
yearly  mean  24-hour  waves  (from  their 
23-year  means)  at  any  two  of  the  stations 
is  almost  as  great  as  can  be  expected  when 
account  is  taken  of  the  noise  level  inherent 
in  the  instruments.  The  deviations  of 
yearly  means,  from  their  23-year  averages, 
indicate  large  secular  variations  which  may 
be  due  to  a  quasi-systematic  22-year  varia- 
tion. The  phase  difference  between  these 
yearly  deviation  vectors  at  Huancayo  and 
Cheltenham  (or  Christchurch)  is  con- 
siderably less  than  that  between  the  av- 
erage vectors  for  23  years.  The  statistical 
reality  of  the  12-hour  wave  is  definitely 
established  at  all  three  stations,  although, 
at  least  at  Huancayo,  the  average  12-hour 
wave  probably  results  entirely  from  sys- 
tematic errors  due  to  exceedingly  small 
frictional  effects  in  the  barograph.  A  paper 


on  these  results,  in  collaboration  with  D. 
Venkatesan,  a  visiting  investigator  at  the 
Department  of  Terrestrial  Magnetism,  has 
been  published  in  the  Journal  of  Geo- 
physical Research. 

Old  cosmic-ray  program.  Compton- 
Bennett  meters  were  operated  satisfactorily 
throughout  the  report  year  at  Huancayo 
(Peru)  and  Fredericksburg  (Virginia, 
United  States).  Operation  of  the  meter 
at  Climax  (Colorado,  United  States)  was 
discontinued  July  1,  1959,  at  which  time 
the  meter  at  Godhavn  (Greenland)  was 
turned  over  to  the  Danish  Meteorological 
Institute,  that  at  Christchurch  (New  Zea- 
land) to  the  Department  of  Scientific  and 
Industrial  Research,  and  that  at  Ciudad 
Universitaria  (Mexico)  to  the  Instituto 
Nacional  de  la  Investigacion  Cientifica  and 
the  Universidad  de  Mexico.  These  organ- 
izations have  continued  operation  of  the 
meters,  for  which  the  Department  of  Ter- 
restrial Magnetism  provided  supplies  until 
July  1960.  '" 

The  scaling  and  reduction  of  records,  in- 
cluding the  tabulation  of  bihourly  means 
of  ionization  corrected  for  barometric 
pressure,  have  been  completed  for  Huan- 
cayo and  Fredericksburg  through  Janu- 
ary 1960.  From  the  records  scaled  at 
Christchurch  the  reduction  of  daily  means 
has  been  effected  through  June  1959.  To 
cooperate  in  the  United  States  program 
for  cosmic-ray  research  in  the  International 
Geophysical  Cooperation  Year  (IGC),  tab- 
ulations of  corrected  bihourly  means  of 
cosmic-ray  intensity  have  been  forwarded 
to  the  four  IGY  World  Data  Centers. 
These  include  IGY  data  for  Huancayo, 
Ciudad  Universitaria,  Fredericksburg,  and 
Godhavn.  Data  from  Christchurch  are 
supplied  by  the  Christchurch  Magnetic 
Observatory  to  the  IGY  World  Data  Cen- 
ters. In  addition,  in  accord  with  recom- 
mendations of  the  U.  S.  IGY  Technical 
Panel  for  Cosmic  Rays,  data  for  Godhavn 
have  been  reduced  for  January-July  1951 
and  from  January  1954  through  July  1959. 

Cooperation  in  operation  of  cosmic-ray 
meters.    The     successful     operation     of 
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Compton-Bennett  cosmic-ray  meters  over 
a  long  period  at  so  many  stations  has  been 
possible  only  through  the  wholehearted 
and  unselfish  cooperation  of  several  or- 
ganizations and  individuals.  For  opera- 
tion of  the  meters  during  the  past  report 
year,  we  express  our  appreciation  to  the 
U.  S.  Coast  and  Geodetic  Survey  and  the 
staff  of  its  magnetic  observatory  at  Fred- 
ericksburg, Virginia,  and  to  the  Govern- 
ment of  Peru  and  the  staff  of  the  Instituto 
Geofisico  de  Huancayo  for  making  avail- 
able the  Compton-Bennett  records  from 
Huancayo. 

Publication  of  cosmic-ray  results.  Vol- 
umes XIV  and  XX  of  the  Researches  of 
the  Department  of  Terrestrial  Magnetism, 
Carnegie  Institution  of  Washington  Pub- 
lication 175,  included  tables  of  bihourly 
values  of  pressure-corrected  cosmic-ray  in- 
tensity through  1955  for  Huancayo  (Peru) 
and  Cheltenham  (United  States)  together 
with  summaries  of  data  for  Christchurch 
(New  Zealand)  through  1955,  and  for 
Godhavn  (Greenland)  through  1950.  Bi- 
hourly values  are  now  tabulated,  and  ready 
for  publication,  for  Huancayo  and  Fred- 
ericksburg (United  States),  formerly  Chel- 
tenham, through  1959,  for  Godhavn  for 
the  period  January  1954  through  July  1959, 
and  for  Ciudad  Universitaria  (Mexico) 
for  the  period  July  1957  through  Decem- 
ber 1958.  These  together  with  summaries 
for  Christchurch  through  June  1959  will 
constitute  the  third  of  the  Department  of 
Terrestrial  Magnetism  publications  to 
make  cosmic-ray  data  available  to  research- 
ers elsewhere. 

Lectures  on  Geophysics  in  Peru 

Since  it  was  advisable  to  go  to  Peru  in 
connection  with  the  Department's  IGY 
project  for  investigating  the  equatorial 
electro  jet,  advantage  was  taken  of  the  op- 
portunity to  give  a  series  of  lectures  on 
geophysics  as  an  initial  step  in  support  of 
Dr.  Tuve's  desire  to  help  encourage  re- 
search activities  in  Peru  and  other  Latin 
American  countries. 

Therefore,  six  lectures,  with  sixty-eight 


illustrations,  were  written  out  in  English. 
Three  of  them  were  concerned  with  the 
earth's  magnetic  field,  its  variations,  and 
their  relation  to  solar  activity.  One  was 
devoted  to  modern  statistical  techniques 
for  the  analysis  of  periodic  and  quasi- 
periodic  variations  in  geophysical  or  other 
phenomena.  Two  lectures  were  devoted 
to  time  variations  of  cosmic-ray  intensity, 
including  results  obtained  to  date  by  IGY 
investigators. 

Although  it  was  feasible  to  give  these 
lectures  only  in  Peru,  Dr.  Tuve,  for- 
tunately, had  obtained  from  Mr.  Giesecke, 
Jr.,  the  assurance  of  cooperation  by  the 
Instituto  Geofisico  de  Huancayo  to  effect 
the  publication  of  the  lectures  in  Spanish. 
This  publication  will  ensure  that  all  in- 
terested scientists  in  Peru  and  elsewhere  in 
Latin  America  can  read  the  lectures  with 
more  detail  than  could  be  included  in  a 
one-hour  verbal  presentation.  The  planned 
distribution  of  the  published  lectures  in 
Spanish  to  universities  and  other  educa- 
tional and  research  institutions  in  Latin 
America  can  well  be  expected  to  encourage 
serious  investigators. 

Together  with  the  printed  lectures, 
which  contain  numerous  references,  there 
will  also  be  included  reprints  (in  English) 
of  three  classic  papers  by  Dr.  Julius  Bartels 
(a  former  research  associate  of  the  Insti- 
tution) on  uses  of  statistical  procedures  for 
geophysical  investigations.  These  papers 
should  have  a  very  timely  value  in  connec- 
tion with  analyses  of  the  many  interrelated 
geophysical  data  obtained  during  the  IGY, 
especially  since  the  data  will  be  available 
to  all  countries  through  IGY  World  Data 
Centers. 

Through  the  efforts  of  Dr.  Davila  Cueva 
of  San  Marcos  University  in  Lima  and  of 
Dr.  Mateo  Casaverde  from  the  Instituto 
Geofisico  de  Huancayo,  all  six  lectures 
were  translated  into  Spanish,  generally 
before  each  lecture  was  given,  and  mimeo- 
graphed copies  of  the  Spanish  text  were 
usually  available  for  distribution  before  the 
lecture. 

Five  lectures  were  given  at  San  Marcos 
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University  in  Lima  in  the  period  Sep- 
tember 7  to  19,  1959.  Two  of  the  six  lec- 
tures were  compressed  into  one  as  a  con- 
sequence of  a  students'  strike  that  closed 
the  university  on  one  of  the  lecture  dates. 
The  date  of  another  lecture  had  to  be 
changed  on  account  of  another  strike  by 
university  employees.  The  average  at- 
tendance at  these  lectures  was  about  20, 
including  faculty  members  and  students 
and  others  from  the  Instituto  Geofisico  de 
Huancayo.  Three  lectures  (a  telescoping 
of  the  six)  were  given  from  September  21 
to  23  at  the  University  of  San  Agustm  in 
Arequipa  (average  attendance  about  60), 
and  one  at  the  University  of  Cuzco  on 
September  28  (attendance  about  30). 

Later  one  lecture  was  given  in  Lima  at 
one  of  the  weekly  meetings  of  the  Amateur 
Astronomy  Club,  on  solar  influences  on 
geomagnetic  phenomena.  The  president 
of  the  Astronomy  Club  has  succeeded, 
solely  from  membership  funds,  in  building 
a  most  attractive  planetarium  near  Chori- 
llos,  which  also  contains  a  fine  lecture  hall 


with  a  capacity  of  about  75.  The  club  is 
actively  working  toward  the  procurement 
of  a  projector  for  the  otherwise  completed 
planetarium.  This  was  probably  the  fin- 
est example  in  Peru  of  what  lively  interest 
and  perseverance  can  accomplish. 

On  October  6  and  7  two  lectures  were 
given  in  the  auditorium  of  the  Atomic  En- 
ergy Commission  in  Lima  (attendance 
about  30). 

Of  the  twelve  lectures,  half  were  given 
in  Spanish  and  the  rest  in  English  with 
interpreters  translating.  At  each  of  the 
universities  and  elsewhere,  Mrs.  Forbush 
and  I  were  received  with  the  greatest  re- 
spect and  courtesy  and  with  much  helpful 
assistance,  so  that  I  felt  quite  definitely 
that  these  several  institutions  genuinely 
appreciated  the  lectures.  As  more  definite 
evidence  of  this  appreciation,  the  Univer- 
sity of  San  Marcos  granted  me,  on  Oc- 
tober 7,  the  distinction  of  Cathedratico 
Honorario,  or  Honorary  Professor,  com- 
plete with  gold  medal,  diploma,  and  cham- 
pagne. 


LABORATORY  PHYSICS 


NUCLEAR  PHYSICS 

N.  P.  Heydenburg,  G.  M.  Temmer,  and 
J.  A.  Weinman  1 

Cooperative  Program  with  Florida  State 
University 

In  the  spring  of  1959  Dr.  Temmer  was 
asked  to  take  charge  of  the  new  12-Mev 
tandem  Van  de  Graaff  generator  at  the 
Physics  Department  of  Florida  State  Uni- 
versity in  Tallahassee.  This  machine,  the 
third  of  its  kind  in  North  America,  was 
purchased  from  High  Voltage  Engineer- 
ing Corporation  by  the  state  of  Florida  as 
part  of  their  nuclear  science  program.  The 
possibility  of  making  use  of  this  type  of 
machine  was  most  appealing.  In  June, 
Heydenburg  and  Temmer  made  a  trip  to 
Florida  State  University  to  explore  the  pos- 
sibility of  cooperating  with  the  nuclear 
physics  group  there  on  a  part-time  basis. 

1  Carnegie  Institution  Fellow;  from  University 
of  Wisconsin. 


They  were  to  lend  support  in  getting  the 
program  under  way,  and  also  have  time  on 
the  machine  for  their  own  research  proj- 
ects. Although  it  was  agreed  that  such  an 
arrangement  could  be  worked  out,  it  did 
not  satisfy  Florida  State's  requirements 
completely;  someone  to  be  officially  in 
charge  of  the  program  was  needed,  since 
government  contracts  were  involved  in  the 
support  of  the  project. 

In  September,  Temmer  participated  in 
the  final  factory  tests  of  the  machine  at 
Burlington,  Massachusetts.  Seeing  this  ma- 
chine in  operation,  and  taking  part  in 
measuring  several  proton-neutron  thresh- 
old reactions  for  beam  energy  calibration, 
made  it  even  more  evident  what  an  op- 
portunity it  would  be  to  have  access  to  this 
type  of  generator.  Conventional  Van  de 
Graaff  generators  have  been  developed  to 
a  high  precision  over  the  years,  and  are 
capable  of  producing  charged  particle 
beams  to  energies  of  5  or  6  Mev,  control- 
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lable  to  a  small  fraction  of  a  per  cent  in 
energy.  In  the  tandem  generator  the  maxi- 
mum energy  available  has  been  doubled  by 
making  a  conventional  pressurized  Van 
de  Graaff  accelerator  double  ended.  The 
accelerating  tube  for  the  beam  extends 
through  the  entire  length  of  the  pressur- 
ized tank,  from  ground  potential  through 
the  high-voltage  terminal  to  ground  again. 
Negative  hydrogen  ions  produced  in  a 
powerful  ion  source  (at  ground  potential) 
at  one  end  of  the  accelerating  tube  are  ac- 
celerated to  the  positive  high-voltage  ter- 
minal, where  they  are  stripped  of  their 
electrons  in  a  gas  stripping  canal.  The 
ions,  becoming  positively  charged,  con- 
tinue to  be  accelerated  down  the  re- 
mainder of  the  tube  to  ground,  having  ac- 
quired twice  the  energy  of  the  terminal 
voltage  in  the  entire  traversal. 

By  the  end  of  November,  Florida  State 
University  had  still  not  obtained  anyone 
to  take  charge  of  its  nuclear  physics  pro- 
gram. After  much  soul  searching  and 
many  discussions,  a  plan  was  evolved  for 
our  participation  in  the  Florida  program. 
Drs.  Heydenburg  and  Temmer  were  to 
spend  full  time  at  Florida  State  University 
as  members  of  the  Physics  Department 
faculty  while  still  remaining  staff  members 
of  the  Department  of  Terrestrial  Mag- 
netism. Both  the  Department  and  the 
University  were  to  make  salary  contribu- 
tions for  a  two-  to  three-year  period,  after 
which  the  arrangement  would  be  re-evalu- 
ated, to  determine  its  over-all  effectiveness 
for  all  concerned. 

Dr.  Temmer  was  given  the  title  of  prin- 
cipal investigator  for  the  tandem  program. 
It  was  understood  under  this  arrangement 
that  they  were  to  participate  in  the  normal 
faculty  activities,  such  as  advising  and 
guiding  of  graduate  students,  committee 
work,  and  a  limited  amount  of  teaching. 
Final  arrangements  and  moving  were  com- 
pleted by  the  end  of  January  1960. 

At  that  time  most  of  the  internal  struc- 
ture of  the  tandem  generator  had  been 
reassembled  at  the  Nuclear  Research 
Building  of  the  University.  There  followed 


a  period  of  very  careful  optical  alignment 
of  the  ion  source,  the  beam  accelerating 
tube,  and  the  90°  analyzing  magnet. 

The  official  dedication  ceremony  for  the 
tandem  accelerator,  as  well  as  an  already 
operating  3-million-volt  electron  accelera- 
tor, was  held  on  March  24,  in  the  presence 
of  Governor  LeRoy  Collins,  members  of 
the  Legislature,  and  many  distinguished 
guests.  The  occasion  was  marked  by  a 
dedication  speech  presented  by  Dr.  Tuve. 
The  festivities  were  enhanced  by  the  pres- 
ence of  Mr.  and  Mrs.  Paul  A.  Scherer. 

Within  a  few  weeks  after  the  dedication, 
the  first  proton  beam  of  5-million-volt  en- 
ergy was  obtained.  Since  then  there  has 
been  a  period  of  extended  operation  of  the 
machine  for  conditioning  of  the  accel- 
erating tube,  testing  for  energy  stability, 
and  repairing  of  various  components  as 
troubles  occurred.  By  the  middle  of  June 
the  generator  was  operating  quite  well, 
with  proton  beams  of  several  microam- 
peres of  current  up  to  a  beam  energy  of 
about  11  million  volts.  Another  month 
will  be  required  to  install  a  switching  mag- 
net, beam  tube  extensions,  and  focusing 
magnets  in  the  target  room.  The  tandem 
machine  should  then  be  ready  for  full  op- 
eration. 

It  is  probably  premature  to  draw  con- 
clusions as  to  the  value  of  the  type  of  en- 
deavor represented  by  our  becoming  active 
participants  on  the  faculty  of  an  educa- 
tional institution  for  an  extended  period 
of  time.  The  present  situation  involves  a 
program  of  considerable  magnitude  in  a 
department  that  has  not  enjoyed  a  long 
tradition  of  research,  especially  in  nuclear 
physics.  Hence,  a  unique  opportunity  ex- 
ists to  share  some  of  the  tradition  and 
attitudes  of  the  Carnegie  Institution  of 
Washington  where  they  can  be  of  con- 
siderable benefit. 

Polarized  Ion  Source  Program 

The  atomically  polarized  ion  source 
(APIS)  has  been  undergoing  tests  at  Yale 
during  the  past  year.  Professor  Vernon 
Hughes  and  Dr.  Charles  Drake  are  con- 
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cerned  with  the  atomic  aspects,  and  Dr. 
George  Pieper  and  Dr.  Greenberg  with 
the  nuclear  aspects.  The  Department  has 
contributed  a  150-kev  accelerating  section 
which  makes  it  possible  to  use  the  deu- 
teron  scheme  to  test  for  polarization  at 
Yale.  This  method,  discussed  in  the  last 
annual  report,  involves  measuring  the 
angular  distribution  of  neutrons  from  a 
deuteron  plus  tritium  reaction  near  the 
resonance  at  107-kev  energy.  The  tube 
section  has  been  tested  and  works  well. 
Dr.  Weinman  has  spent  some  time  and 
thought  on  a  new  type  of  ionizer  for  ioniz- 
ing the  atomic  beam.  This  has  been  fur- 
nished to  Yale  for  their  use;  they  already 
had  a  more  conventional  electron  bom- 
bardment ionizer  on  hand.  Dr.  Weinman 
also  obtained  an  evapor-ion  pump  from 
the  University  of  Wisconsin  and  made 
it  ready  for  use.  It  is  now  at  Yale  for  the 
eventuality  that  background  pressure  con- 
siderations in  the  ionizing  region,  which 
alone  determine  the  signal-to-noise  ratio 
in  this  device,  make  its  use  necessary. 

It  is  still  the  ultimate  goal  of  the  Yale 
group  to  install  this  polarized  source  in 
the  DTM  Van  de  Graaff.  We  are  main- 
taining this  generator  in  a  state  of  near- 
readiness  primarily  for  this  reason,  since 
we  have  a  unique  testing  facility  for  de- 
vices of  this  sort. 

The  collaborative  effort  with  Professors 
Leon  Madansky  and  George  Owen  of  the 
Johns  Hopkins  University  in  testing  their 
ion  source  for  polarized  protons,  based  on 
the  exploitation  of  the  properties  of  the 
metastable  state  of  hydrogen,  was  brought 
to  a  close  in  the  summer  of  1959.  It  was 
shown  unequivocally  at  the  Department 
that  the  original  scheme  could  not  work 
under  realistic  vacuum  conditions  because 
of  the  normal  ionization  of  the  unavoid- 
able, unpolarized  neutral  background  com- 
ponent of  the  beam  by  collision  with  the 
residual  gas  in  the  vacuum  system.  By 
mutual  agreement  the  apparatus  was  re- 
turned to  Baltimore,  where  the  develop- 
ment would  continue  on  a  long-range 
basis.    Since  then   Madansky   and  Owen 


have  been  making  preparations  to  use 
lithium  as  the  donor  substance  to  enhance 
the  formation  probability  of  2s  metastable 
hydrogen  atoms  by  picking  up  electrons 
from  the  2s  lithium  ground  state. 

Cyclotron 

Considerable  progress  has  been  made  in 
the  construction  of  new  dees  and  a  new 
beam  deflection  system  for  the  cyclotron, 
during  the  past  year,  through  the  devoted 
and  single-handed  efforts  of  Mr.  S.  Buy- 
nitzky.  Even  though  the  future  of  the 
research  program  in  nuclear  physics  at  the 
Department  is  uncertain  at  present,  it  was 
thought  that  the  modifications  of  the 
cyclotron  should  be  completed.  Any  fu- 
ture use  or  disposition  of  the  cyclotron 
could  then  be  considered  on  the  basis  of 
an  operating  machine. 

Tritium  Beam  Tests 

Interest  in  the  use  of  tritium  and  helium 
three  beams  in  reaction  studies  and  scatter- 
ing experiments  has  been  increasing.  There 
are  some  nuclei  whose  energy  levels  can  be 
reached  only  in  reactions  involving  these 
bombarding  particles.  In  the  study  of  di- 
rect interaction  mechanisms,  angular  dis- 
tributions in  reactions  of  the  type  (t,  p)9 
(t,  a),  (t,  He3)  and  (He3,  *),  (He8,  J), 
(He3,  a)  are  of  interest.  Some  exploratory 
observations  with  a  tritium  beam  from  the 
4-Mev  Van  de  Graaff  generator  have  been 
made.  A  gas  system  was  set  up  to  handle 
the  radioactive  tritium  gas.  Since  the  pure 
gas  is  quite  expensive  it  is  necessary  either 
to  dilute  it  with  helium  or  to  set  up  a  re- 
covery system  for  it.  We  decided  on  dilu- 
tion with  helium  and  found  that  a  0.5- 
microampere  beam  could  be  achieved  with 
a  7  per  cent  mixture  of  tritium  in  helium. 
It  was  soon  found  that  the  background  y 
radiation  problem  was  serious  with  a  trit- 
ium beam.  Reaction  cross  sections  on 
both  carbon  and  oxygen  are  large;  hence 
it  is  necessary  to  keep  the  beam  from 
striking  oxidized  surfaces  and  to  reduce 
the  carbon  build-up  on  slits  and  targets. 
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The  016(J,  n)F18  reaction  is  particularly 
troublesome  because  of  the  large  back- 
ground of  511-kev  radiation  from  the  Ill- 
minute  F18  positron  activity.  It  was  found 
to  be  impossible  to  operate  a  Nal  y-ray 
detector  in  our  observing  room  with  trit- 
ium beams  about  2  Mev.  This  could  prob- 
ably only  be  done  by  bending  the  beam 
through  90°  with  a  new  magnet  and  send- 
ing it  into  a  separate  shielded  target  room. 
The  F19(t,  />)F21  reaction  was  investi- 
gated in  a  preliminary  way  with  a  Csl 
detector  for  the  emitted  protons.  Some  of 
the  proton  groups  were  not  sufficiently  re- 
solved with  the  Csl  detector,  though  the 
recently  developed  junction  counters  might 
have  given  sufficient  resolution. 

New  Scattering  Apparatus 

A  new  scattering  apparatus  designed  for 
use  in  polarized  proton  experiments  has 
been  under  construction  in  the  DTM  shop. 
It  is  a  versatile  chamber  having  two  mov- 
able scintillation  counters,  each  with  ap- 
propriate slit  systems.  Except  for  a  few 
minor  parts  this  apparatus  has  been  com- 
pleted and  has  been  sent  to  Florida  State 
University,  for  use  in  scattering  experi- 
ments with  the  tandem  generator. 
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A.  I.   Aronson}   E.    T.   Bolton,   R.   J.  Britten,2 

D.  B.  Cowie,  J.  D.  Duer^sen,1  B.  J.  McCarthy,3 

K.  McQuillen,4  and  R.  B.  Roberts 

Introduction 

The  study  of  the  ribonucleoprotein  par- 
ticles (ribosomes)  of  bacteria  was  the  prin- 
cipal focus  of  the  Biophysics  Section 
throughout  the  year.  These  particles  con- 
tinue to  hold  our  interest  because  the 
mechanism  of  ribosome  synthesis  is  at 
the  same  time  one  of  the  most  important 
and   most  obscure  problems   of  biology. 

1  Carnegie  Institution  Fellow. 

2  At  Carlsberg  Laboratories,  Copenhagen,  Den- 
mark, for  the  year. 

3  Carnegie  Institution  Fellow;  from  Oxford 
University. 

4  Research  Associate,  Carnegie  Institution  of 
Washington;  from  Cambridge  University. 


Three  classes  of  macromolecules  are  of 
primary  significance  in  the  growth  and 
multiplication  of  all  living  cells:  deoxy- 
ribonucleic acid  (DNA),  ribonucleic  acid 
(RNA),  and  protein.  Most  proteins  act 
as  enzymes,  catalysts,  to  carry  out  the 
chemical  reactions  of  the  cells,  and  RNA 
in  association  with  protein  forms  the  ribo- 
somes which  synthesize  protein.  DNA  is 
the  genetic  material  which  determines  the 
capacity  of  a  cell  to  synthesize  protein  and 
transmits  that  capacity  to  the  daughter 
cells. 

At  present  there  is  a  theory,  well  sup- 
ported by  experiments,  that  provides  a 
satisfying  explanation  of  the  mechanism 
by  which  DNA  is  duplicated  with  high 
precision.  Other  experiments  indicate  that 
the  ribosomes  act  as  templates  upon  which 
amino  acids  are  arranged  in  the  proper 
order  and  linked  together  to  form  pro- 
teins, although  the  exact  nature  of  the 
templates  is  not  yet  known. 

It  is  also  well  established  that  the  ca- 
pacity to  synthesize  a  particular  protein 
can  be  carried  into  a  cell  by  DNA;  in 
other  words,  the  information  needed  to 
specify  the  order  of  the  amino  acids  in 
that  particular  protein  is  presumably  car- 
ried by  the  DNA.  This  information  must 
be  transferred  from  the  DNA  to  the  ribo- 
somes if  the  ribosomes  and  not  the  DNA 
molecules  are  the  active  sites  of  protein 
synthesis.  Accordingly,  the  composition  of 
the  DNA  must  determine  the  composition 
of  the  ribosomes.  The  mechanism  by  which 
this  occurs  is  completely  obscure.  Thus,  in 
the  sequence  DNA— »RNA— ^Protein,  it  is 
the  first  step  that  is  the  least  understood. 

Our  recent  efforts  have  been  directed 
primarily  toward  gaining  information 
about  the  role  of  DNA  in  the  synthesis  of 
RNA.  To  this  end,  the  composition  and 
properties  of  the  ribosomes  and  the  ki- 
netics of  incorporation  of  radioactive  trac- 
ers into  ribosomes  have  been  studied. 

In  Year  Book  58  a  number  of  properties 
of  the  ribosomes  were  reported.  The  ribo- 
somes of  a  growing  cell  occur  in  definite 
groups    characterized    by    different    sedi- 
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mentation  constants,  20S,  30S,  50S,  70S, 
and  85S.  These  constants  correspond  to 
molecular  weights  of  roughly  0.5  XlO6, 
1X106,  2 XlO6,  and  3 XlO6.  The  relative 
proportions  among  the  groups  change,  de- 
pending both  on  the  magnesium  concen- 
tration of  the  suspending  fluid  and  on 
the  biological  condition  of  the  cells.  The 
composition  of  the  particles  is  40  per  cent 
protein  and  60  per  cent  RNA,  equivalent 
to  two  amino  acids  per  nucleotide.  Two 
enzymes,  ribonuclease  and  aminopeptidase, 
were  found  in  the  particles,  but  other  en- 
zymes seemed  to  be  largely  nonparticulate. 
The  70S  particle  was  the  most  active  in 
synthesizing  "nascent  protein,"  i.e.  protein 
that  did  not  remain  in  the  ribosome  but 
was  rapidly  released  to  become  soluble. 

In  contrast,  material  destined  to  remain 
in  the  ribosomes  entered  first  the  small 
particles  (20,  30,  and  50S)  and  subse- 
quently appeared  as  larger  particles.  In 
addition  the  large  particles  broke  down 
again  into  smaller  particles.  Thus,  ribo- 
some synthesis  appeared  to  be  a  cyclic  and 
autocatalytic  process  in  which  new  ma- 
terial accumulated  on  small  particles  to 
create  larger  ones.  No  direct  implication 
of  DNA  in  the  process  was  apparent. 

During  the  past  year  these  observations 
have  been  amplified  and  extended.  The 
relationships  among  DNA,  RNA,  and  pro- 
tein synthesis  were  studied  by  means  of  an 
E.  coli  mutant  (15  T~A"U~)  in  which 
these  syntheses  can  be  controlled  separately. 
The  process  of  enzyme  induction  was 
found  to  be  affected  by  the  state  of  the 
DNA.  New  techniques  have  been  used  to 
disrupt  ribosomes  and  study  their  com- 
ponent parts.  The  ribosomes  now  appear 
to  contain  an  appreciable  proportion  of  pro- 
tein which  is  similar  to  the  soluble  protein 
of  the  cell.  The  enzyme  (3-galactosidase 
was  found  in  the  purified  ribosome 
preparations  last  year,  and  its  prop- 
erties have  since  been  examined  more  com- 
pletely. Small  quantities  of  four  other  en- 
zymes have  also  been  found.  All  of  them 
show  an  increase  in  their  enzymic  activity 
when  the  ribosomes  are  mildly  disrupted. 


It  therefore  seems  possible  that  the  syn- 
thesis of  the  ribosomes  includes  one  step 
wherein  purely  structural  proteins  are  ac- 
cumulated and  another  where  the  enzyme 
proteins  are  synthesized  but  remain  as  a 
part  of  the  ribosome  structure.  As  a  re- 
sult of  their  configuration  in  the  ribosome 
they  have  less  than  full  enzymic  activity. 
Additional  product  protein,  synthesized  at 
a  later  time,  is  not  bound  in  the  ribosome 
structure  but  is  released  to  provide  the 
nonparticulate  enzymes  of  the  cells. 

Analysis  of  enzymatic  digest  of  ribo- 
somal  RNA  has  revealed  many  nucleotide 
sequences.  The  frequency  of  occurrence 
indicates  a  random  distribution  and  leads 
to  the  suggestion  that  the  RNA  molecules 
are  of  many  different  kinds. 

Complete  removal  of  the  protein  part  of 
the  ribosomes  by  treatment  with  phenol 
can  leave  most  of  the  RNA  structure  as  a 
few  large  pieces.  This  RNA  can  be  de- 
graded into  a  variety  of  smaller  pieces, 
ultimately  reaching  a  unit  having  a  sedi- 
mentation constant  of  4S.  The  30S  particle 
apparently  consists  of  16  to  20  of  these 
small  pieces  held  together  by  linkage 
through  magnesium  and  hydrogen  bond- 
ing. Furthermore,  these  4S  pieces  can  be 
isolated  from  the  soluble  fraction  of  the 
cell,  and  they  are  the  first  to  incorporate 
radioactive  tracers.  Thus  they  are  pre- 
cursors to  the  ribosomes  and  may  well  be 
the  carriers  of  information  from  the  DNA 
to  the  ribosome  system. 

The  details  of  these  and  other  experi- 
ments together  with  an  interpretation  of 
their  significance  are  given  in  the  remain- 
der of  the  report. 

Ribosomes 

Methods  and  Terminology 

The  methods  for  preparing  and  frac- 
tionating ribosomes,  RNA,  and  proteins 
are  essentially  those  described  in  Year 
Book  58.  As  a  general  procedure  the  cells 
are  harvested  from  the  growth  medium 
(chilled  when  necessary  to  prevent 
growth)  and  washed  three  times  in  TSM 
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10  2  buffer.  (TSM  stands  for  trishydroxy- 
methylaminomethane  0.01  M  ["T"],  suc- 
cinic acid  0.004  M  pH  7.6  ["S"],  with 
magnesium  acetate  ["M"]  added  to  indi- 
cated molarity  [10~2].)  The  bacteria  are 
then  broken  by  being  passed  through  the 
orifice  of  a  French  pressure  cell  at  10,000 
psi.  Cell  walls  and  unbroken  cells  are  re- 
moved by  centrifugation  at  40,000  rpm  for 
5  minutes  (40K  5')  in  the  angle  head  rotor 
of  the  Spinco  model  L  centrifuge.  The 
supernatant  fluid  (40K  5'  SN)  is  then  de- 
canted, and  the  larger  ribosomes  (70,  85S) 
are  pelleted  by  centrifugation  for  45  min- 
utes (40K  45'  P).  The  smaller  ribosomes 
are  recovered  in  crude  form  by  centrifuga- 
tion of  the  supernatant  fluid  (40K  45'  SN) 
for  120  minutes  (40K  120'  P).  Sedimenta- 
tion constants  are  observed  using  schlieren 
or  ultraviolet  optics  in  the  Spinco  model  E 
analytical  centrifuge.  Materials  of  dif- 
ferent sedimentation  constants  are  resolved 
and  the  material  for  various  measure- 
ments is  recovered  by  centrifuging  a  layer 
through  a  sucrose  density  gradient  in  the 
swinging-bucket  rotor  of  the  Spinco  model 
L  centrifuge.  This  technique  is  designated 
sedimentation  analysis. 

For  kinetic  studies  the  cells  are  allowed 
to  incorporate  radioactive  tracers  for  a 
prolonged  period  to  give  uniform  or 
"steady  state"  labeling  or  for  very  short 
periods  to  give  "pulse"  labeling;  subse- 
quently the  cells  are  allowed  a  period  of 
growth  in  nonradioactive  medium  to  give 
"persistent"  labeling.  Growth  in  nonra- 
dioactive medium  following  growth  in  ra- 
dioactive medium  is  designated  as  "chase," 
i.e.,  a  period  when  radioactivity  is  chased 
out  of  metabolic  intermediates  as  a  result 
of  the  flow  of  nonradioactive  materials. 

Ion-exchange  chromatography  on  di- 
ethylaminoethyl  cellulose  (DEAE)  has 
been  used  extensively  for  analysis  of  cell 
components.  The  adsorption  and  elution 
are  carried  out  in  TSM  5  X  10-3.  In  most 
runs  a  linear  gradient  of  NaCl  (0-1  M) 
was  used.  This  gradient  gives  good  resolu- 
tion of  many  proteins  and  a  partial  resolu- 
tion of  several  classes  of  nucleic  acids  and 


nucleoprotein.  The  nucleic  acid  materials 
elute  in  several  regions,  which  have  been 
designated  A,  B,  C,  and  D  in  order  of  their 
elution.  The  70  and  85S  ribosomes  (or  the 
30  and  50S  ribosomes  derived  from  them 
by  reduction  of  the  magnesium  concentra- 
tion to  10"4  M)  elute  in  the  A  region. 
Soluble  RNA  (S-RNA)  elutes  in  the  B 
region.  DNA  appears  in  the  C  region. 
P32  or  C14-uracil  newly  incorporated  into 
ribosomes  appears  in  the  D  region.  The 
magnesium  concentration  strongly  influ- 
ences the  elution  pattern  of  the  A  and  D 
region. 

More  specialized  procedures  are  de- 
scribed in  appropriate  sections  below. 

20S  Particles 

The  20S  particle  is  present  in  cell  juices 
in  such  small  quantities  that  it  is  difficult 
to  isolate  enough  for  analysis.  Further- 
more, it  appears  as  a  broad  or  double  peak 
in  the  schlieren  optics  of  the  analytical 
centrifuge.  Its  presence  is  unmistakable 
only  when  cells  are  given  a  very  short 
pulse  of  radioactivity.  Because  of  its  im- 
portance as  a  possible  precursor  to  the 
larger  ribosomes,  however,  an  effort  was 
made  to  isolate  the  20S  group. 

Cells  were  uniformly  labeled  with  S35, 
washed,  and  broken.  Cell  debris  and  the 
large  ribosomes  were  removed  by  centrifu- 
gation (40K  45'),  and  a  crude  pellet  of  the 
small  ribosomes  was  obtained  (40K  180' 
P).  This  pellet  was  resuspended  and  cen- 
trifuged  again  to  reduce  the  contamination 
of  soluble  material.  Sedimentation  analy- 
sis (37K  360')  of  this  pellet  material 
showed  two  peaks  in  the  20S  region:  the 
first  (~22S)  contained  a  high  proportion 
of  the  S35  but  little  UV  absorption;  the 
second  (^185)  showed  a  smaller  propor- 
tion of  S35  correlated  with  UV  absorption. 
These  two  peaks,  analyzed  by  chromatog- 
raphy on  DEAE,  showed  different  elution 
patterns;  only  the  18S  material  appeared 
in  the  nucleoprotein  region.  The  material 
was  not  isolated  in  sufficient  quantity  or 
purity  for  further  analysis,  but  it  is  clear 
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that  any  "native"  20S  ribosomes  (i.e.,  small 
particles  present  in  the  cell  juice  as  con- 
trasted with  small  particles  derived  from 
the  breakdown  of  larger  ones)  are  likely 
to  be  highly  contaminated  by  protein  ma- 
terial of  approximately  the  same  sedimen- 
tation constant. 

Derived  20S  particles  were  isolated  for- 
tuitously. A  preparation  of  "derived"  30 
and  50S  particles  (obtained  by  suspending 
purified  70  and  85S  particles  in  TSM  10"4) 
stood  in  the  cold  room  for  a  week  before 
the  separation  of  the  two  components.  As 
a  result  of  this  separation  a  third  com- 
ponent (~20S)  was  found  and  isolated.  A 
sufficient  quantity  was  obtained  to  show 
that  it  gave  a  single  peak  in  the  analytical 
centrifuge  and  had  roughly  the  same  ratio 
of  protein  to  nucleic  acid  as  other  ribo- 
somes. A  repetition  of  this  procedure  us- 
ing purified  50S  ribosomes  did  not  yield 
a  20S  component.  Very  likely,  therefore, 
it  was  derived  from  the  30S  particles,  al- 
though possibly  its  appearance  was  due  to 
some  unknown  variation  in  the  first  prep- 
aration. 

Chromatography  of  "Native'  Particles 

The  smaller,  30S,  particles  were  isolated 
from  disrupted  cells.  All  operations  were 
carried  out  in  TSM  10~2  to  minimize  the 
breakdown  of  70S  particles  to  derived  30S 
particles.  Chromatography  of  these  "na- 
tive" 30S  particles  showed  a  single  elution 
peak  from  DEAE,  which  appeared  in  the 
D  region.  Thus  the  inference  in  Year 
Book  58  that  the  "native"  small  particles 
were  largely  the  "immature"  particles  that 
elute  in  the  D  region  appears  to  be  cor- 
rect. 

The  Protein  Moiety  of  Ribosomes 

Ribosome^associated  $-galactosidase.  In 
Year  Book  58  it  was  shown  that,  in  ex- 
ponentially grown  cells,  protein  material 
is  transiently  associated  with  the  ribo- 
somes. The  amount  of  this  transient  pro- 
tein is  equivalent  to  approximately  the 
amount  of  protein  synthesized  in  3  sec- 


onds. At  the  usual  rate  of  protein  synthe- 
sis of  0.02  per  cent  per  second,  one  would 
therefore  expect  to  find  0.06  per  cent  of  a 
particular  protein  transiently  associated 
with  the  ribosome  at  any  one  time.  If  the 
assay  (by  the  activities  of  enzymes  such  as 
3-galactosidase  or  alkaline  phosphatase) 
for  a  particular  protein  is  sufficiently  sensi- 
tive, the  amount  and  properties  of  the  ribo- 
some-associated  portion  should  be  measur- 
able. 

To  show  an  association  of  enzyme  with 
ribosomes,  all  soluble  proteins  must  be  re- 
moved. This  purification  can  be  achieved 
in  several  ways.  Exponentially  growing 
cultures  of  E.  coli  were  harvested,  washed, 
and  ruptured.  The  cell  walls,  whole  cells, 
and  debris  were  removed  as  previously 
described.  The  opalescent  supernatant  was 
centrifuged  (40K  45'),  and  the  pellet  (40K 
45'  P)  was  rinsed  twice  with  TSM  10"2. 
The  pellet  contains  most  of  the  larger  ribo- 
somes (70-85S) .  After  resuspension  of  the 
pellet  in  TSM  10~2  the  centrifugation  was 
repeated.  Repeated  washings  in  this  fash- 
ion diluted  out  the  nonsedimentable  pro- 
teins and  small  ribonucleoprotein  particles. 
Specific  enzyme  activities  (enzyme  activity 
divided  by  the  optical  density  at  260  mu) 
of  pellets  at  each  stage  of  purification  were 
determined  as  shown  in  figure  10.  The 
specific  activity  of  the  pellet  material  be- 
comes constant  after  approximately  four 
washings,  whereas  the  specific  activity  of 
the  supernatant  continues  to  decrease  ex- 
ponentially. This  technique  of  repeated 
centrifugation  is  useful  for  purifying  large 
quantities  of  70  and  85S  ribosomes.  It  does 
not,  however,  ensure  that  the  enzyme  ac- 
tivity is  truly  associated  with  the  ribo- 
somes, for  that  may  well  reside  in  protein 
aggregates  having  a  sedimentation  con- 
stant roughly  that  of  the  70  and  85S 
ribosomes. 

A  further  purification  and  an  indication 
that  the  enzyme  is  actually  associated  with 
the  ribosome  are  obtained  by  centrifuga- 
tion of  a  layer  of  a  ribosome  suspension 
through  a  sucrose  gradient  in  the  swing- 
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ing-bucket  rotor  of  the  Spinco  centrifuge. 
Figure  11  shows  the  distribution  of  en- 
zyme activity  of  a  ribosome  preparation 
that  had  been  subjected  to  three  washes  be- 
fore being  layered  on  the  sucrose  gradient 
and  centrifuged  for  75  minutes  at  37,000 
rpm.  The  enzyme  activity  is  distributed 
roughly  equally  between  the  ribosomal  and 
soluble  fractions.  The  fractions  containing 
the   ribosomes   were   combined,   pelleted, 


100 


Number  of  washes 
10.    The  effect  of  successive  washings  by 
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centrifugation    in    TSM    10-2    on    the 
(3-galactosidase  activity  of  ribosomes. 


specific 


and  subjected  to  a  second  sedimentation 
analysis.  The  results  of  such  an  analysis 
are  shown  in  figure  12.  It  will  be  noted 
that  the  soluble-enzyme  activity  has  de- 
creased considerably.  A  third  sedimenta- 
tion analysis  is  shown  in  figure  13.  Little 
soluble  enzyme  is  present,  and  there  is  a 
precise  correlation  between  the  absorption 
at  260  mu  and  the  enzyme  activity  of  the 
ribosome  fractions. 

The  dilution  factors  are  calculated  and 
compared  with  the  specific  enzyme  ac- 
tivity of  the  particles  as  shown  in  table  10. 
As  is  seen  by  the  difference  between  the 
fifth  total  and  the  final  preparation,  wash- 


ing to  a  dilution  factor  of  approximately 
105  causes  only  an  approximately  4-fold 
decrease  of  specific  enzyme  activity  of  the 
ribosomes. 

The  above  results  indicate  that  a  certain 
fraction  of  the  enzyme  is  associated  with 
the  ribosomes.  Table  11  shows  results  of 
a  series  of  experiments  testing  the  effect  of 
a  variety  of  agents  on  the  ribosomal  en- 
zyme. 
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Fig.  11.  Swinging-bucket  sedimentation  anal- 
ysis of  partly  purified  70  and  85S  ribosomes  from 
a  fully  induced  culture.  Optical  density  at  260 
mu  indicates  RNA  content,  and  enzyme  activity 
indicates  (3-galactosidase  content. 

The  effect  of  adding  specific  antiserum 
against  (3-galactosidase  was  examined  with 
the  hope  that  it  might  serve  as  a  method 
for  specific  removal  of  the  ribosome-bound 
enzyme.  Exposure  of  purified  ribosomes 
to  rabbit  anti-(3-galactosidase  serum  results 
in  a  striking  increase  in  the  observed  en- 
zyme activity  (see  table  12).  No  increase 
is  shown  after  the  addition  of  normal  rab- 
bit serum.  Furthermore,  the  increase  in 
activity  is  unique  to  ribosomal  enzyme, 
since  it  is  not  observed  with  the  soluble 
3-galactosidase.  This  property  is  useful  to 
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distinguish    the   ribosome-bound    enzyme 
from  its  soluble  counterpart. 

A  number  of  control  experiments  were 
performed  to  investigate  the  nature  of  the 
response  to  the  specific  antiserum.  The 
addition  of  ribosomes  might  in  some  way 
activate  (3-galactosidase  present  in  the  anti- 
serum which  was  not  detectable  in  the  ab- 
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Fig.  12.  Swinging-bucket  sedimentation  anal- 
ysis of  the  ribosomes  pelleted  from  the  combined 
ribosome  fractions  of  figure  11.  The  percentages 
indicate  the  enhancement  of  enzyme  activity  as 
a  result  of  treating  ribosomes  with  anti-(3-galac- 
tosidase  serum. 

sence  of  ribosomes.  To  eliminate  this 
possibility,  ribosomes  prepared  from  an  ab- 
solute 3-galactosidase  negative  strain  of  E. 
coli  K-12  were  incubated  with  the  specific 
antiserum.  No  (3-galactosidase  activity  in 
this  mixture  was  detected. 

Another  experiment  was  carried  out  to 
eliminate  the  possibility  that  some  soluble 
enzyme  was  absorbed  to  the  ribosomes  or 
that  3-galactosidase  inhibition  by  the  ribo- 


somes was  overcome  by  removing  the  en- 
zyme as  the  antigen-antibody  complex.  A 
soluble  enzyme  preparation  from  fully  in- 
duced cells  was  prepared  by  exhaustive 
centrifugation  of  a  cell-free  extract.  To 
this  preparation  were  added  ribosomes 
prepared  from  absolute  negative  cells.  The 
ribosomes  of  this  mixture  were  then  puri- 
fied by  repeated  centrifugation.  The  en- 
zyme activities  obtained   in   the   absence 
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Fig.  13.  Swinging-bucket  sedimentation  anal- 
ysis of  the  ribosomes  pelleted  from  the  combined 
fractions  of  the  ribosome  peak  of  figure  12. 

and  presence  of  specific  antiserum  were 
0.092  and  0.090  division  per  minute,  re- 
spectively. Thus,  no  enhancement  was 
observed.  With  continued  differential 
centrifugation  the  enzyme  activity  was 
lowered  still  further  to  a  value  significantly 
smaller  than  that  obtained  with  purified 
ribosomes  from  uninduced  cells. 

Mechanism  of  antibody  action.  Several 
experiments  have  been  carried  out  to  deter- 
mine the  nature  of  the  antibody  reaction. 
It  is  possible  that  the  antibody  dis- 
lodges the  enzyme  molecule  from  the  ribo- 
some, thereby  exposing  active  sites.  Al- 
ternatively, the  antibody  may  react  with 
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TABLE  10.    Purification  of  70  and  85S  Ribosomes  from  Fully  Induced  E.  coli  ML  30 


Fraction 

Dilution 

Specific 

Activity, 
i  •    / 

Antiserum 
Enhancement, 

Factor 

div/min 

% 

O.D.  260  mu 

1st  total  (40K  5'  SN) 

0 

645 

2nd  total  (40K  5'  SN;  40K  45'  P) 

4.5x10 

118 

3rd  total  (40K  45'  P;  10K  5'  SN) 

1.3  X102 

21 

1st  SWB  (37K  750 

1.3  x10s 

4th  total  (combined  ribosome  fractions) 

2.5  x10s 

4.65* 
4.43 

5th  total  (40K  60'  P) 

1.3  X104 

3.75 

2nd  SWB  (37K  750 

1.6x10s 

6th  total  (combined  ribosome  fractions) 

5.3  x10s 

2.02* 
2.15 

7th  total  (40K  60'  P) 

(a)  no  serum 

(b)  serum 

3.2xl06 

0.99\ 
1.06  J 

11.6 

3rd  SWB  (37K  750 

4.0  X107 

8th  total  (combined  ribosome  fractions) 

2.0X108 

0.76* 

Final  preparation  (40K  60'  P) 

(a)  no  serum 

(b)  serum 

2.0  X109 

0.60\ 
0.78J 

31.6 

*  Calculated  from  previous  SWB  analysis. 

the  ribosomal  enzyme  and  permit  it  to 
form  an  altered  structure  in  situ,  thereby 
allowing  it  to  have  a  higher  enzymic  ac- 
tivity. To  distinguish  between  these  al- 
ternatives we  have  examined  the  sedi- 
mentation characteristics  of  the  ribosomal 
enzyme-antibody  complex.  Mixtures  of 
soluble  enzyme  and  antibody  form  aggre- 
gates that  precipitate  rapidly,  whereas  mix- 
tures of  ribosomal  enzyme  and  antibody 
do  not.  Ribosomal  enzyme  after  treat- 
ment with  antibody  still  has  a  sedimenta- 
tion    constant     of     approximately     70S 


(through  a  sucrose  gradient).  Thus  it  ap- 
pears that  the  antibody  does  not  dislodge 
the  enzyme  from  the  ribosome.  If  it  did, 
the  enzyme  would  then  either  precipitate 
rapidly,  as  does  the  soluble  enzyme-anti- 
body complex,  or  would  show  a  decreased 
sedimentation  constant  if  it  were  detached 
but  not  able  to  form  an  aggregate.  Conse- 
quently, the  difference  in  precipitation  pro- 
vides a  useful  way  of  removing  contami- 
nating soluble  enzyme  and  indicates  still 
another  qualitative  difference  between  the 
soluble  and  the  ribosomal  enzyme. 


TABLE  11.    Effect  of  Various  Agents  on  the  Activity  of  Ribosome-Associated  Enzyme 


Additions 


Percentage  of  Control 


Concentration 

Expt.  1 

Expt.  2 

5xl0"4M 

88 

99 

5xlO"*M 

41 

51 

50  ug/ml 

80 

96 

0.1  M 

89 

107 

6.6xl0~4M 

— 

85 

Thiomethyl-3-D-galactoside  (TMG) 

Isopropyl  thio-(3-D-galactoside  (IPTG) 

RNAase 

Citrate 

Versene  (EDTA) 


The  enzyme  assays  were  carried  out  on  ribosomes  purified  to  constant  specific  activity  accord- 
ing to  the  procedures  described  under  "Methods."  Exposure  to  the  different  agents  extended  over 
a  period  of  at  least  2  hours. 
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TABLE  12.    Effect  of  Rabbit  Serum  upon  Ribo- 
some-Associated  and  Soluble  (3-Galactosidase 


Fraction 

(uninduced 

ML  30) 


Rabbit  Serum 
Added 


Enzyme 
Activity, 
div/min 


Ribosomes  * 

None 

0.04 

Ribosomes 

Anti-3  galactosidase 

0.15 

Ribosomes 

Normal 

0.05 

Soluble  f 

None 

0.092 

Soluble 

Anti-(B-galactosidase 

0.090 

*  Ribosome  fraction  obtained  after  6  centrifu- 
gations  in  TSM  10-2. 

t  Soluble  enzyme  obtained  after  removal  of 
ribosomes  by  sucrose  gradient-swinging-bucket 
centrifugation. 

Furthermore,  the  antibody  appears  to 
remain  complexed  with  the  ribosome- 
enzyme.  Treatment  of  the  antibody-ribo- 
some  mixture  with  antirabbit,  chicken 
serum  precipitates  the  rabbit  proteins  and 
also  the  ribosomal  enzyme  while  appar- 
ently leaving  the  major  part  of  the  ribo- 
somes (UV-absorbing  material)  in  the 
supernatant. 

Response  of  ribosomal  enzyme  to  in- 
duction. The  measurements  of  the  ribo- 
somal 3-galactosidase  of  noninduced,  in- 
duced, and  constitutive  E.  coli  are  sum- 
marized in  table  13.  The  specific  activity 

TABLE  13.    3-Galactosidase  Activity  Associated 
with  Ribosomal  Particles  of  E.  coli 


Strain 


ML  30         ML  30        J1L308 

(Basal)       (Induced)     (Constl- 
v         '       v  '      tutive) 


Divisions  per  minute 

per  UV  unit 

0.017 

0.34             0.21 

0.018 

0.60             0.17 

0.020 

0.46            0.25 

0.016 

0.23 

Average                 0.018 

0.47             0.22 

of  the  ribosomes  in  the  fully  induced  and 
the  constitutive  cells  is  20  and  10  times, 
respectively,  that  of  the  noninduced  cell. 

The  following  results  show  the  increase 
of  ribosomal  enzyme  during  induction. 
Aliquots  of  an  exponentially  growing  cul- 
ture were  taken  at  15  seconds,  2  minutes, 


and  30  minutes  after  induction  with  thio- 
methyl-3-D-galactoside  (TMG).  The  sam- 
ples were  prepared  in  the  usual  manner. 
Table  14  shows  the  specific  enzyme  ac- 

TABLE  14.     Specific  Activity  of  Particle  and 
Soluble  Enzyme  during  Induction 


Particle  enzyme 

O.D.  260  mu 
Soluble  enzyme 

O.D.  260  mu 


15  sec- 

2 min- 

30 min- 

onds 

utes 

utes 

0.022 

0.088 

0.152 

1.0 


1.9 


145.0 


tivities  of  the  ribosomes  and  the  soluble 
enzymes.  At  2  minutes  the  specific  en- 
zyme activity  of  the  particle  enzyme  is  4 
times  that  at  15  seconds  whereas  that  at 
30  minutes  is  only  about  7  times  greater. 
On  the  other  hand,  the  specific  enzyme 
activity  of  the  soluble  enzyme  at  2  minutes 
is  only  1.9  times  that  at  15  seconds  whereas 
at  30  minutes  it  is  145  times.  It  appears 
that  the  particle-bound  enzyme  rises  rap- 
idly to  a  low  steady-state  level,  but  the 
soluble-enzyme  level  rises  initially  much 
more  slowly  and  continues  to  rise  to  a  high 
level.  It  is  impossible  to  distinguish  from 
these  experiments  whether  these  varying 
quantities  of  ribosomal  enzyme  are  due  to 
an  increase  in  the  number  of  particles 
carrying  the  enzyme  or  to  an  activation 
of  the  particle-bound  enzyme.  During  in- 
duction the  synthetic  rate  of  3-galactosi- 
dase rises  by  a  factor  of  several  hundred. 
The  observed  increase  in  the  number  of 
ribosomes  with  enzymatic  activity  in- 
creases by  only  a  factor  of  20  upon  induc- 
tion (or  less  if  some  of  the  increase  is 
attributed  to  activation) .  Hence  it  is  prob- 
able that  the  synthetic  rate  per  ribosome 
is  considerably  higher  after  induction. 

It  is  possible  to  estimate  the  number  of 
molecules  of  enzyme  per  ribosome.  The 
molecular  weight  of  the  RNA  of  a  70S 
ribosome  is  1.8  X  106,  and  1  mg  of  RNA 
per  ml  will  have  an  optical  density  of  24 
at  260  mu.  A  solution  of  unit  optical  den- 
sity will  contain  1.4  X  1013  70S  particles. 
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According  to  the  literature,  the  turnover 
number  of  purified  (3-galactosidase,  meas- 
ured with  orthonitrophenyl-3-D-galacto- 
side,  is  4000  moles/sec/mole  of  enzyme. 
Ribosome  preparations  of  noninduced  ML 
30  cells,  when  the  enzymic  activity  has 
been  enhanced  by  antibody  action,  show 
activities  per  unit  optical  density  which 
indicate  enzyme  activity  equivalent  to  1 
molecule  of  soluble  3-galactosidase  per 
10,000  70S  particles.  Growing  cells  are 
estimated  to  contain  approximately  10,000 
70S  particles  per  cell.  Thus  the  number  of 
ribosome-associated  enzyme  molecules  is 
of  the  order  of  1  per  cell.  Furthermore,  the 
induced  cell  of  ML  30  and  the  constitutive 
cell  would  contain  approximately  10  to 
20  molecules  of  ribosome-associated  en- 
zyme. It  must  be  borne  in  mind,  however, 
that  there  is  as  yet  no  way  of  estimating 
the  true  specific  activity  of  the  ribosome 
enzyme. 

Other  Ribosomal  Proteins 

What  is  the  function  of  the  ribosomal 
protein?  Each  nucleoprotein  particle  con- 
tains on  the  average  twice  as  many  amino 
acids  as  there  are  RNA  nucleotides.  A 
small  part  of  this  protein  appears  to  be 
nascent  protein  transiently  associated  with 
the  ribosomes  during  synthesis.  Other 
ribosomal  protein  shows  enzymic  activity. 
Leucine  amino  peptidase  activity  is  ob- 
served in  the  nucleoprotein  after  purifica- 
tion (Year  Book  58).  Latent  ribonuclease 
becomes  measurable  upon  disruption  of 
the  ribosomal  particle,  and  (3-galactosidase, 
partly  inactive  when  contained  in  the  ribo- 
some, has  also  been  found  (Year  Book  58) . 

These  few  examples  of  ribosomal  en- 
zymes do  not  clearly  indicate  the  role  of 
the  proteins  of  the  ribosomes.  It  is  evident, 
however,  that  not  all  particle  proteins  be- 
long to  a  single  class  of  structural  com- 
ponents necessary  for  holding  together  the 
RNA  molecules  in  aggregates. 

One  means  of  establishing  the  functions 
of  ribosomes  is  to  examine  the  kinds  of 
proteins  contained  in  the  ribosomes  and 


from  the  sum  of  their  characteristics  de- 
termine particle  function.  Such  a  survey 
has  been  initiated;  the  separation  of  ribo- 
somal proteins  into  chromatographically 
resolvable  "protein  classes"  was  carried  out 
by  means  of  the  DEAE-cellulose  ion- 
exchange  procedures. 

Preparation  of  ribosomes.  It  is  desir- 
able in  such  a  study  to  exclude  the  nascent 
protein  of  the  ribosomes,  since  these  tran- 
siently associated  molecules  are  presumably 
representative  of  all  the  different  proteins 
of  the  cell.  E.  coli  cells  randomly  labeled 
with  S35,  when  washed  and  transferred 
to  nonradioactive  medium  for  growth  for 
several  additional  generations,  yield  ribo- 
somes with  unlabeled  nascent  proteins. 
Furthermore,  during  growth  in  the  non- 
radioactive medium  the  labeled  pool  ma- 
terial of  the  cell  is  converted  to  stable  end 
products.  About  95  per  cent  of  the  incor- 
porated radiosulfur  at  the  end  of  the 
growth  period  in  a  nonradioactive  me- 
dium is  precipitable  in  cold  5  per  cent 
trichloroacetic  acid. 

Such  S35-labeled  cells  were  ruptured  by 
extrusion  through  a  small  orifice  under  a 
pressure  of  15,000  psi  in  a  French  pressure 
cell.  The  extruded  material  was  centri- 
fuged  for  5  minutes  in  the  angle  head 
rotor  of  the  Spinco  model  L  centrifuge  to 
remove  whole  cells,  cell  walls,  and  other 
large  cellular  fragments.  The  opalescent 
supernatant  was  centrifuged  (40K  45') ; 
the  pellet  was  rinsed  twice  with  10  ml  of 
TSM  10-2  buffer  and  then  resuspended  in 
11.5  ml  of  the  same  buffer.  This  resuspen- 
sion  contains  more  than  90  per  cent  of  the 
larger  ribosomes  (70  and  85S). 

Repeated  washes  of  the  ribosomes  by 
centrifugation  (40K  45')  in  TSM  10"2 
dilutes  out  the  soluble  proteins  and  smaller 
ribonucleoprotein  particles  (50,  30,  20S). 

Figure  10  shows  that  after  the  third 
wash  the  specific  radioactivity  [radioac- 
tivity/(O.D.  at  260  mu)]  of  the  ribosomal 
pellet  remains  constant.  Dilution  of  the 
soluble  protein  during  these  washes  is 
shown  in  table  15.  Approximately  15  per 
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TABLE  15.    Purification  of  S35-Labeled 
Ribosomes 


Radioactivity,  in  counts 

Number  of 

per 

minute 

Washes 
in  TSM  10-2 

Ribosomal 
Pellet 

Supernatant 

1 

347 

900 

2 

236 

92 

3 

211 

22 

4 

179 

14 

5 

162 

7 

6 

152 

5 

cent  of  the  total  sulfur  of  the  labeled  cells 
resides  in  the  ribosomal  proteins. 

Extraction  and  Chromatography  of 
Ribosomal  Proteins 

The  centrifugation  procedures  described 
above  yield  purified  preparations  of  the 
larger  ribosomes  (70  and  85S).  Resuspen- 
sion  of  such  ribosomes  in  TSM  10~4  pro- 
duces little  effect  upon  ribosomal  bound 
sulfur,  and  only  trace  quantities  of  sulfur 
are  lost  to  the  supernatant  upon  further 
centrifugation.  Considerable  quantities 
(30-35  per  cent)  of  the  ribosomal  sulfur 
can  be  extracted,  however,  by  resuspend- 
ing  the  ribosomes  in  distilled  water. 

Chromatographic  analysis  of  this  water- 
extractable  material  was  made  using  the 
DEAE-cellulose  ion-exchange  column. 
Figure  14  shows  the  elution  diagram  ob- 
tained. The  similarity  between  this  elu- 
tion diagram  and  one  obtained  from  a 
whole-cell  extract  of  S35-methionine  la- 
beled cells  is  immediately  apparent. 

The  elution  diagram  obtained  by  column 
chromatography  of  the  ribosomal  pellet 
after  the  water  extraction  for  2  hours  is 
shown  in  figure  15.  These  elution  dia- 
grams demonstrate  that  many  "protein 
classes"  exist  among  ribosomal  proteins 
and  that  chromatographically  they  do  not 
appear  to  differ  significantly  from  those 
obtained  from  proteins  of  the  whole  cell. 

Two  nucleoprotein  ("RNP")  regions 
appear  in  figure  15.   Peak  A  is  the  usual 


single  ribonucleoprotein  region  obtained 
with  column  analysis  of  whole-cell  extracts. 
Region  X  is  routinely  observed  in  either 
the  elution  diagrams  of  the  water-extract- 
able  material  or  the  final  pellet  resuspended 
in  water. 

A  typical  distribution  of  the  radiosulfur 
and  the  quantity  of  260  mu  absorbing 
material  contained  in  the  two  ribonucleo- 
protein regions  is  shown  in  figure  16.  The 
specific  radioactivity  of  the  nucleoprotein 
region  X  is  always  half  that  of  region  A. 
Thus,  one  of  the  effects  of  suspending  the 
ribosomes  in  water  is  to  remove  a  part,  but 
not  all,  of  the  sulfur  from  the  ribonucleo- 
protein. This  treatment  produces  a  dimi- 
nution of  the  quantity  of  ribonucleo- 
protein A,  an  increase  in  ribonucleoprotein 
X,  and  unassociated  protein  chromato- 
graphically similar  to  the  proteins  of 
whole-cell  extracts.  Perhaps  the  part  of 
the  sulfur  that  did  not  dissociate  from  the 
nucleoprotein  is  contained  in  the  struc- 
tural proteins  of  the  ribosomes.  The  elu- 
tion diagram  of  a  purified  ribosomal  pellet 
maintained  at  a  high  magnesium  concen- 
tration shows  only  nucleoprotein  in  region 
A  with  a  trace  of  material  appearing  in 
region  X  (Year  Book  57) . 

Enzymic  activities  of  ribosomal  proteins. 
The  proteins  extractable  from  the  ribo- 
somes with  water  have  been  further  char- 
acterized by  some  of  their  enzymic  activi- 
ties. In  every  one  where  an  enzyme  was 
looked  for,  enzymic  activity  was  observed. 
In  addition  to  3-galactosidase  activity,  al- 
kaline phosphatase,  D-serine  deaminase, 
acid  phosphatase,  and  L-threonine  de- 
aminase activities  were  found. 

The  procedures  for  establishing  whether 
an  enzymic  activity  was  actually  ribosomal 
and  not  contamination  by  soluble  protein 
were  similar  to  those  described  above  for 
the  purification  of  (3-galactosidase,  except 
that  the  immunochemical  criterion  was  not 
employed. 

The  enzymic  activity  of  a  ribosomal 
pellet  was  followed  through  a  series  of 
centrifugation  washes.  In  each  case  the 
enzymic  activity  per  unit  of  UV-absorbing 
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material  in  the  pellet  after  three  washes 
reached  a  constant  specific  activity.  On 
the  other  hand,  the  wash  solutions  (TSM 


The  purified  ribosomal  pellet  was  then 
washed  in  TSM  10-4  followed  by  two 
water  resuspensions.   Table  16  shows  the 


Ribosomes 


Ribonucleoprotein 


Ribonucleoprotein 


20  40 


160 


180 


200 


Fraction  number 


Fig.  14.  Upper  curve:  Elution  diagram  of  S35-labeled  proteins  extracted  with  water  from  puri- 
fied preparation  of  70  and  85S  ribosomes.  Lower  curve:  Elution  diagram  of  bacterial  extract  from 
whole  cells  labeled  with  S35-methionine. 


10"2)  quickly  reached  values  less  than  that 
of  the  ribosomal  pellet.  For  the  four  en- 
zymes studied,  about  5  to  10  per  cent  of 
the  total  enzymic  activity  of  the  cell  was 
contained  in  the  ribosomal  pellet. 


enzymic  activity  obtained  in  the  ribosomal 
pellet  after  each  wash.  UV-absorbing  ma- 
terial was  removed  in  each  wash  as  shown 
in  the  table.  The  enzymic  activity  of  the 
remaining  pellet,   however,   did   not   de- 
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crease  at  a  rate  equal  to  the  removal  of 
ribosomal  material  by  the  water  extrac- 
tions. In  fact,  the  mild  disruption  of  the 
ribosomes  appeared  to  result  in  an  increase 
in  enzymatic  activity.  For  two  of  the  en- 
zymes, D-serine  deaminase  and  (3-galacto- 
sidase,  there  was  a  net  increase  in  enzyme 
activity  in  the  final  water  suspension  of 


is  in  an  active  form  in  the  ribosomes.  The 
specific  [3-galactosidase  activity  of  the  ribo- 
somal pellet  during  the  wash  procedure 
does  not  parallel  the  specific  radioactivity 
of  the  pellet  as  shown  in  figure  17.  Since 
such  a  small  part  of  the  cellular  3-galac- 
tosidase resides  in  the  ribosomal  pellet 
more  washes  are  required  to  dilute  out 


Fraction  number 

Fig.  15.  Elution  diagram  of  residual  ribosomal  pellet  remaining  after  water  extraction.  Pel- 
let resuspended  in  water  and  shaken  for  2  hours  at  room  temperature  before  being  put  on  DEAE 
column. 


the  ribosomes.  One  interpretation  of  these 
results  is  that  the  ribosomal  enzymes  have 
less  than  full  enzymic  activity  because  of 
their  configuration  in  the  70  and  80S 
particles  and  that  disruption  of  the  ribo- 
somes reveals  these  latent  characteristics. 

Ribosomal  (3-galactosidase  shows  this 
characteristic  more  than  any  other  enzyme 
investigated.  Unlike  the  two  phosphatases 
and  the  two  deaminases,  less  than  1  per 
cent  of  the  total  3-galactosidase  of  the  cell 


the  soluble  enzyme.  On  the  other  hand, 
if  the  ribosomal  bound  enzyme  is  not  fully 
active  until  it  is  removed  from  the  nucleo- 
protein  complex  (or  acted  upon  by  a  spe- 
cific antiserum),  the  actual  3-galactosidase 
enzyme  content  of  the  particles  may  exceed 
that  observed  in  the  pellets  during  the 
washing  procedure. 

A  5-fold  increase  in  3-galactosidase  ac- 
tivity has  been  observed  when  a  purified 
ribosomal  pellet  was  treated  with  water. 
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Chromatographic  analyses  on  the  DEAE 
column  of  the  water-extractable  ribosomal 
proteins  and  the  ordinary  soluble  proteins 
of  the  cell  were  made,  and  the  [3-galac- 
tosidase  activity  was  measured  in  the  two 
elution  diagrams.  Both  (3-galactosidase  ac- 
tivities peaked  at  the  same  region  of  the 
elution  diagrams,  and  the  3-galactosidase 
activity  per  unit  of  radiosulfur  was  the 
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Fig.  16.  Elution  diagram  of  nucleoprotein  ob- 
tained after  extraction  with  water. 

same.  The  other  enzyme  activities  are 
found  in  ion-exchange  eluates  of  the  wa- 
ter-extractable ribosomal  protein  in  the 
same  regions  observed  with  the  soluble 
enzymes.  These  results  demonstrate  again 
the  similarity  among  some  of  the  ribo- 
somal proteins  and  the  soluble  proteins  of 
the  cell. 

From  the  data  presented  above  and  the 
data  previously  reported  on  nascent  pro- 
teins (Year  Book  58)  it  may  be  concluded 
that  at  least  three  kinds  of  ribosomal  pro- 
teins  exist   in   the   larger  particles:     (1) 


transiently  associated  protein  (nascent  pro- 
tein) ;  (2)  proteins  chromatographically 
similar  to  those  found  in  the  soluble  frac- 
tion of  the  cell  but  contained  in  the  ribo- 
somes  for  long  periods  of  time;  (3)  struc- 
tural proteins  not  easily  removed  from  the 
ribosomes  by  water  extraction.  The  func- 
tion of  the  ribosomal  proteins  that  are 
similar  to  the  soluble  proteins  of  the  cells 
is  not  known. 

Ribosomal  RNA 

A  major,  active  role  of  RNA  in  protein 
synthesis  would  implicate  the  molecules  in 
a  ribosomal  particle  as  carriers  of  the  in- 
formation necessary  to  specify  the  amino 
acid  sequence  of  a  protein.  As  a  continua- 
tion of  the  investigations  of  the  structure 
and  function  of  bacterial  ribosomes,  the 
RNA  of  the  various  sized  particles  was  ex- 
tracted and  the  physical  properties  were 
examined. 

The  RNA  from  E.  coli  cells  or  ribosomes 
was  extracted  by  shaking  with  phenol. 
Usually  3  extractions  (at  room  tempera- 
ture) were  followed  by  5  or  6  ether  extrac- 
tions. Nitrogen  was  then  bubbled  through 
the  solution  to  remove  the  ether. 

Since  examination  of  preparations  in  the 
ultracentrifuge  was  to  be  primarily  em- 
ployed as  a  criterion  of  size  and  aggrega- 
tion of  the  RNA's,  an  extensive  pre- 
liminary study  of  the  effect  of  concentra- 
tion and  ionic  strength  of  the  medium  on 
sedimentation  properties  was  undertaken. 
The  original  ribosomal  preparations  were 
usually  suspended  in  TSM  10~2  before  ex- 
traction. In  this  medium,  or  where  the 
magnesium  concentration  had  been  low- 
ered by  dialysis  or  dilution  with  TS,  there 
was  no  marked  effect  of  concentration  on 
S20  values  (measured  by  both  schlieren  and 
ultraviolet  optics).  In  the  presence  of  in- 
creasing concentrations  of  KC1,  the  S20 
values  did  not  change  appreciably  until  an 
ionic  strength  of  0.4  had  been  reached.  As 
might  be  expected,  there  was  evidence  of 
aggregation  at  this  level  of  KCl,  since 
the  S20  values  in  this  medium  were  very 
dependent  on  RNA  concentration. 
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In  figure  18,  plate  3,  schlieren  patterns  of 
phenol-RNA  prepared  from  E.  colt  ribo- 
somes  (in  TSM  10"2)  are  shown.  At  the 
bottom  of  figure  18,  the  ribosomes  were 
suspended  in  TSM  10"2  and  the  phenol 
and  ether  were  saturated  with  0.02  M  phos- 
phate buffer-2xl0~3  M  versene,  pH  7.3. 


that  each  ribosome  contained  only  one 
very  large  RNA  molecule  (i.e.,  all  co- 
valently  linked  nucleotides).  To  support 
the  idea  that  each  ribosome  contained  more 
than  one  RNA  molecule  the  effect  of 
a  number  of  other  mild  treatments  on 
ribosomal  RNA  was  examined.  The  RNA 


TABLE  16.    Ribosomal  Enzyme  Activities 


Ribosomal 
Fraction 


Enzyme  Activity, 
div/min 


Pellet 

Optical  Density, 

260  mu 


Enzyme  Activity 
O.D.  260  mu 


Alkaline  phosphatase 

Purified  ribosomal  pellet 
5th  pellet  in  TSM  10~4 
6th  pellet  in  H20 
7th  pellet  in  H,0 

0.247 
0.186 
0.178 
0.145 

Acid  phosphatase 

0.298 
0.182 
0.124 
0.087 

Purified  ribosomal  pellet 
5th  pellet  in  TSM  10~4 
6th  pellet  in  H20 
7th  pellet  in  H20 

0.497 
0.397 
0.364 
0.341 

L-Threonine  deaminase 

0.298 
0.182 
0.124 
0.087 

Purified  ribosomal  pellet 
5th  pellet  in  TSM  10~4 
6th  pellet  in  H20 
7th  pellet  in  H20 

0.348 
0.209 
0.171 
0.167 

D-Serine  deaminase 

0.298 
0.182 
0.124 
0.087 

Purified  ribosomal  pellet 
5th  pellet  in  TSM  10~4 
6th  pellet  in  H20 
7th  pellet  in  H20 

0.387 
0.263 
0.176 
0.187 

(3-Galactosidase 

0.298 
0.182 
0.124 
0.087 

Purified  ribosomal  pellet 
5th  pellet  in  TSM  10~4 
6th  pellet  in  H20 
7th  pellet  in  H20 

0.230 
0.156 
0.183 
0.185 

0.298 
0.182 
0.124 
0.087 

0.83 
1.02 
1.43 
1.67 


1.67 
2.18 
2.94 
3.92 


1.17 
1.15 
1.38 
1.92 


1.30 
1.44 
1.42 
2.15 


0.77 
0.86 
1.48 
2.13 


For  the  RNA  shown  at  the  top  of  figure 
18,  the  versene  had  been  omitted.  As  both 
pictures  were  taken  16  minutes  after  reach- 
ing speed  (50,740  rpm)  it  is  evident  that 
the  presence  or  absence  of  versene  makes 
considerable  difference  in  the  size  of  the 
RNA  obtained. 

Since  the  presence  of  a  chelating  agent 
had  such  a  marked  effect  on  the  sedi- 
mentation coefficient,  it  appeared  unlikely 


(from  a  mixture  of  50  and  30S  particles, 
richer  in  the  former  component)  was 
prepared  as  shown  in  figure  18,  i.e.,  from 
particles  in  TSM  10~2  and  in  the  absence 
of  versene  so  as  to  produce  two  com- 
ponents of  S  values  (only  approximate 
values  are  used  in  the  text;  see  table  18 
for  the  calculated  S2o)  of  28  and  18  in 
the  approximate  proportion  of  1.5  to  1. 
Figure  19,  plate  3,  shows  the  effect  of  dilut- 
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ing  the  magnesium  (with  TS  buffer). 
The  first  dilution  was  sufficient  to  elimi- 
nate the  28S  component  and  leave  a  mix- 
ture of  18  and  12S  components.  These 
effects  have  been  interpreted  as  changes  in 
viscosity  as  a  function  of  magnesium  con- 
centration. 

Overnight  dialysis  of  RNA  (28, 18S  mix- 
ture) in  the  cold  room  against  a  variety  of 
buffers  (0.03  M  tris-HCl,  pH  7.3;  0.01  M 
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Fig.  17.  Comparison  of  (3-galactosidase  specific 
activity  and  the  specific  radioactivity  of  a  ribo- 
somal  pellet  during  washes  in  TSM  10~2. 

tris-HCl-0.05  M  KC1,  pYL  7.4;  TSM  10~4) 
resulted  in  smaller  components.  In  figure 
20#,  plate  4,  the  effect  of  dialysis  against 
0.02  M  phosphate  buffer,  /?H  7.2,  is  shown. 
While  a  mixed  population  is  evident,  the 
fastest-moving  component  is  only  about 
12S.  The  other  discernible  peaks  have 
sedimentation  coefficients  of  approximately 
8  and  4S.  Upon  further  dialysis  of  this 
preparation,  one  uniform  peak  of  4S  is 
obtained  (fig.  20£).  The  extent  of  deg- 
radation and  the  time  of  dialysis  re- 
quired to  obtain  a  single  4S  component 
varied  considerably  with  the  buffer  em- 
ployed. In  general,  the  breakdown  was 
slower  if  the  ionic  strength  was  higher, 


and  it  could  be  completely  prevented  by 
the  addition  of  10"2  M  magnesium  acetate. 
An  identical  single  slow  component  could 
be  obtained  by  heating  the  RNA  to  85° 
for  15  minutes.  No  extensive  study  of  ef- 
fects of  heating  on  the  RNA  was  made, 
as  it  was  evident  that  a  variety  of  mild 
treatments,  not  sufficient  to  rupture  cova- 
lent  linkages,  had  resulted  in  the  degrada- 
tion of  ribosomal  RNA  "units"  to  an 
ultimate  component  of  4S.  It  is  quite  con- 
ceivable, however,  that  the  various  treat- 
ments brought  about  the  degradation  of 
the  RNA  by  different  means.  In  addition 
to  binding  by  magnesium,  regions  of  hy- 
drogen bonding  could  be  important  for 
holding  the  molecules  together.  Thus, 
both  the  pH  and  the  ionic  strength  as  well 
as  the  magnesium  concentration  could 
considerably  influence  the  stability  of  a 
given  preparation.  Neither  addition  of 
magnesium  to  the  4S  component  nor  ex- 
tensive dialysis  against  TSM  10-2  resulted 
in  any  polymerization.  Even  the  heating 
of  4S  units  (82°  for  5  minutes)  with  slow 
cooling  in  the  presence  of  magnesium  did 
not  cause  any  noticeable  dimerization. 

Pure  50S  particles  (derived  from  the 
70S  fraction  by  lowering  the  Mg++  concen- 
tration to  10"4  M)  were  prepared  by  four 
cycles  of  centrifugation.  The  magnesium 
acetate  was  raised  to  10~2  M,  and  the  RNA 
was  prepared  as  previously  described.  The 
ultracentrifuge  analysis  showed  two  peaks 
of  28  and  18S  with  the  former  in  large 
excess  (fig.  21,  pi.  5).  The  relative  pro- 
portions of  these  two  components  varied 
somewhat  in  different  extractions  from  the 
extreme  shown  to  about  1.5:1  of  28: 18S. 
Dialysis  of  the  RNA  against  lower  mag- 
nesium concentrations  resulted  in  smaller 
components;  dialysis  against  TS  buffer 
containing  10~3  M  Mg++  caused  virtually 
complete  degradation  to  a  single  4S  com- 
ponent. 

A  preparation  of  30S  particles  (derived 
from  70S)  was  purified  by  centrifugation 
in  a  sucrose  gradient  or  the  particles  were 
prepared  by  differential  centrifugation  of 
a  50,  30S  mixture  in  a  swinging-bucket 
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rotor  (37K  90';  take  off  top  third).  The 
magnesium  concentration  was  again  raised 
to  10"2  M,  and  the  RNA  was  extracted.  A 
single  component  of  18S  was  obtained 
(fig.  21).  The  small  amount  of  faster- 
moving  material  could  readily  be  at- 
tributed to  contaminating  50S  particles  in 
the  initial  preparation.  Even  upon  raising 
the  magnesium  by  a  factor  of  2  there  was 
no  evidence  of  a  28S  dimer.  If  the  Mg++ 
were  lowered  to  5  X 10~3  M  (by  dialysis 
or  dilution)  the  18S  component  was  stable. 
A  further  dilution  to  less  than  10"3  M 
Mg++  resulted  in  complete  degradation  to 
"4S  molecules."  No  evidence  of  a  12S  frac- 
tion was  found  at  any  magnesium  con- 
centration employed.  The  inability  to 
form  the  28S  component  clearly  differenti- 
ates the  30S  from  the  50S  RNA  fractions. 
It  proved  considerably  more  difficult  to 
isolate  the  20S  particles  in  any  quantity. 
A  barely  sufficient  amount  was  obtained 
for  examination  with  schlieren  optics  by 
several  cycles  of  differential  centrifugation 
and  a  final  purification  by  sucrose  gradient 
fractionation  (see  fig.  22a,  pi.  6).  The 
broad,  slower-moving  material  does  not 
have  the  UV-absorption  characteristics  of 
ribosomal  material.  The  RNA  extracted 
from  these  particles  (in  TSM  10~2)  is 
shown  in  figure  22b.  It  was  expected,  on 
the  basis  of  the  size  and  composition  of 
this  particle  (about  one-half  the  size  of  the 
30S  and  similar  composition),  that  the 
maximum  size  the  RNA  could  attain 
would  be  about  12S.  The  component 
shown  has  a  sedimentation  coefficient  of 
approximately  18  and  thus  must  repre- 
sent either  a  dimer  that  is  very  readily 
formed  upon  extraction  of  the  RNA  in  the 
presence  of  10~2  M  magnesium  or  a 
smaller  molecule  with  sedimentation  prop- 
erties unlike  those  of  the  other  RNA 
preparations.  It  is  highly  unlikely  that  this 
component  could  result  from  larger  con- 
taminating particles  (see  fig.  22a),  as  it 
represents  about  one-half  of  the  RNA  ex- 
tracted. The  other  half  is  approximately 
4S  and  could  represent  either  contaminat- 
ing   slower-moving    material    or   another 


state  of  polymerization  of  the  RNA  in 
these  particles.  Here,  again,  however,  the 
rather  large  amount  found  suggests  that 
the  latter  alternative  is  more  likely.  Upon 
dialysis  of  the  RNA  against  TS  buffer 
containing  10"3  M  Mg++,  most  of  the  RNA 
was  converted  to  the  4S  component.  In  no 
case  was  any  12S  material  detected.  Since 
the  amount  of  RNA  isolated  precluded 
careful  analysis  with  schlieren  optics,  the 
results  were  checked  and  qualitatively 
confirmed  with  ultraviolet  optics. 

The  stability  properties  of  the  various 
RNA's  in  terms  of  approximate  S2o  values 
are  summarized  in  table  17.  All  these  re- 

TABLE  17.  Effect  of  Magnesium  Concentra- 
tion on  the  Sedimentation  Properties  of 
Ribosomal  RNA 


Original  particle 
preparation 

70S 

50S,  30S  mixture 
(50S  rich) 

50S 

30S 

20S 


Approximate  S20  Values 

10~2M  Lower 

Mg++  Mg++-> 

28-18  S=*  18-12  -»  8  -H 
28-18  ^  18-12  -»  8  - 


28-18 
18- 
18-4  - 


18-12 


? 


4 
4 

4 
-»  4 

*  4 


suits  are  based  on  observation  of  schlieren 
plates.  If  any  intermediates  existed  in  a 
transitory  state  or  were  present  in  very 
small  amounts,  they  would  not  have  been 
detected.  As  will  be  discussed  in  detail 
later,  analysis  of  sucrose  density  gradient 
centrifugation  of  various  RNA  prepara- 
tions definitely  indicates  the  presence  of 
such  intermediate  components. 

In  table  18  more  accurate  estimations  of 
the  S20  values  of  the  various  RNA  prepara- 
tions previously  discussed  are  recorded. 
The  slight  fluctuations  in  duplicate 
samples  (usually  less  than  10  per  cent 
except  for  very  small  components)  could 
be  attributed  to  small  variations  in  concen- 
tration of  RNA  or  magnesium.  If  a  10  per 
cent  fluctuation  is  attributed  to  experi- 
mental error,  an  interesting  quantization 
of  these  S20  values  becomes  apparent.  On 
the   basis   of  the   relation   between   sedi- 
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mentation  coefficient  and  molecular  weight 
(S02o  =  KM0-45)  a  series  of  S  values  can 
be  obtained  (starting  arbitrarily  with  28S) 
by  successively  decreasing  the  molecular 
weight  by  a  factor  of  2.  These  numbers  are 
approximately  28,  20.5,  15,  10.6,  7.7,  5.6.  In 
table  18  it  is  apparent  that  virtually  all 
the  RNA  preparations  fall  into  one  of 
these  classes  and  that  all  sizes  are  repre- 


10.6S.  This  component  appears  to  be  a 
relatively  stable  end  product  of  in  vivo  deg- 
radation, since  considerable  heating  (95° 
for  5  minutes)  is  required  to  convert  it 
into  4S  units. 

The  S2o  value  of  the  fundamental  unit 
that  can  be  derived  by  heating  or  dialysis 
for  all  ribosomal  components  is,  of  course, 
very  close   to   that  reported  for  S-RNA 


TABLE  18.    Sedimentation  Constants  of  RNA  Preparations 


RNA  Source 

Conditions  of  Extraction  * 

^205 

calculated 

50-30  mix 

MgAc  10-2  M 

21.1 

28.6 

17.8     19.2 
27.2    27.0 

50-30  mix 

0.02  M  phosphate 

13.7 

50-30  mix 

2.5  XlO-3  M  MgAc 

16.5 
20.3 

15.2 
19.6 

50S 

10-2  M  MgAc 

18.9 
26.4 

21.9 
30.4 

50S 

2.5 XlO-3  M  MgAc 

15.4 
20.1 

50S 

0.02  M  phosphate,   lO"3  M  EDTA 

9.6 

30S 

10"2M 

18.6 

18.81 

30S 

2 XlO-3  MMgAc 

18.2 

20S 

10-2  M  MgAc 

4.7 
17.6 

50-30  mix 

48-hr  dialysis  against  0.02  M  phosphate, 

pU  7  A 

4.35 

5.18 

50 

24-hr  dialysis  against  0.01  M  tris-HCl, 
0.05  M  KC1,  pU  7  A 

4.68 

From  Mg++ 

-starved  bacteria 

0.02  M  phosphate,  2x  10-3  M  EDTA 

10.9 

4.14 

From  Mg++ 

-starved  bacteria 

lO-2  M  MgAc 

11.4 
4.24 

70S 

16-hr  dialysis  against  TS  0.2  M  KC1 

14.9 
19.1 

*  Usually  given  as  approximate  Mg++  concentration,  buffered  with  TS,  pH  73.   Some  small  dilu- 
tion due  to  phenol  saturated  with  0.02  M  phosphate,  pH  7.1. 


sented  except  7.7S  (a  dimer  of  the  basic 
component).  Some  of  these  are  found 
rather  commonly,  whereas  others  (10.6S) 
appear  to  occur  only  where  conditions  for 
controlling  the  final  magnesium  concentra- 
tion or  ionic  strength  have  not  been  too 
well  defined.  It  is  interesting  to  note  that 
from  magnesium-starved  cells  (i.e.,  in  vivo 
degradation  of  ribosomes)  the  RNA  ex- 
tracted in  the  presence  or  absence  of  high 
magnesium  exists  mostly  as  the  4S  com- 
ponent (see  fig.  23,  pi.  6),  but  there  is  a 
significant  amount  in  the  form  of  about 


prepared  from  a  number  of  tissues  and 
organisms.  The  physical  properties  of  the 
S-RNA  from  E.  coli  have  been  extensively 
studied  by  Tissieres.  He  reports  a  sedi- 
mentation constant  of  4S  and  calculates 
a  molecular  weight  of  25,000  ±  10  per  cent. 
One  method  for  comparing  the  sedimenta- 
tion properties  and  other  physical  char- 
acteristics of  the  two  RNA's  more  closely 
is  to  mix  them  and  then  centrifuge  in  a 
sucrose  gradient.  P32-ribosomal  "4S  units" 
(prepared  by  extensive  dialysis  of  a  28-20S 
preparation  from  50-30S  particles  against 


246 


CARNEGIE  INSTITUTION  OF  WASHINGTON 


0.02  M  phosphate  buffer,  pYL  7.2  (see  fig. 
20£,  pi.  4)  were  mixed  with  unlabeled 
E.  coli  S-RNA.  The  RNA's  were  gradient- 
layered  and  centrifuged  30K  16  hours  in 
a  swinging-bucket  rotor.  The  results  in 
figure  24  show  a  very  close  tracking  of  the 
two  RNA's.  The  sedimentation  properties 
and  other  physical  characteristics  of  the 
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Fig.  24.  Sucrose  gradient  analysis  of  a  mix- 
ture of  P32  ribosomal  "4S  units"  and  a  large 
excess  of  unlabeled  S-RNA.  Centrifugation  30K 
16  hours. 

two  RNA's  are  thus  probably  very  similar. 
The  S2o  values  of  the  RNA  preparations 
and  their  stabilities  in  the  presence  of 
various  concentrations  of  magnesium  are 
data  that  are  necessary  for  interpreting  any 
precursor-product  relation  among  the  vari- 
ous sizes  of  ribosomes.  If,  as  the  kinetic 
data  suggest,  the  smaller  (20  and  30S) 
particles  are  precursors  of  the  larger  ones 
(50  and  70S),  it  might  be  useful  to  de- 
termine whether  the  breakdown  products 


and  their  ability  to  polymerize  are  con- 
sistent with  the  postulated  pathways.  We 
have  already  noted  that  the  sedimentation 
analysis  of  RNA  from  a  20S  particle  sug- 
gests that  there  is  a  strong  tendency  for 
this  RNA  to  dimerize.  Such  an  interpre- 
tation would  be  consistent  with  this  com- 
ponent's being  a  precursor  to  30  or  even 
50S  particles.  The  fact  that  the  RNA  ap- 
pears to  exist  in  two  forms  (4  and  18S) 
may  be  a  reflection  of  a  heterogeneous 
population  of  particles  that  are  precursors 
to  different  ribosomes.  There  is,  however, 
no  evidence  that  any  of  the  pieces  of  RNA 
from  30  or  50S  particles  undergo  poly- 
merization. 

As  already  noted,  the  RNA30  and 
RNA50  have  different  base  ratios  (Year 
Book  58).  As  a  further  examination 
of  the  difference  between  RNA50  and 
RNA30,  a  mixture  (a  small  amount  of 
P32-RNA3o  plus  a  large  excess  of  un- 
labeled RNA50)  was  chromatographed  on 
DEAE-cellulose  (fig.  25)  and  eluted  with 
a  linear  gradient  of  NaCl  from  0.5  to 
1.0  M.  Characteristic  of  all  ribosomal 
RNA,  there  was  no  elution  of  TCA-pre- 
cipitable  material  until  the  NaCl  concen- 
tration approached  0.8  M.  It  is  evident, 
however,  that  the  RNA30  does  not  track 
with  the  RNA50.  On  the  basis  of  the 
known  difference  in  the  base  ratios  of  the 
30S  and  50S  particles,  this  result  is  not  un- 
expected. This  difference,  largely  attribut- 
able to  an  excess  of  guanine  in  the  RNA50, 
may  be  due  to  only  a  small  fraction  of 
the  molecules'  being  excessively  guanine 
rich.  The  remainder  could  be  identical  to 
those  in  the  RNA30,  thus  accounting  for 
the  large  overlap  in  the  DEAE  pattern. 
There  is  not,  as  yet,  enough  evidence  to 
suggest  that  the  resolution  is  sufficient  to 
justify  this  conclusion. 

One  method  that  could  help  in  further 
understanding  the  extent  of  the  difference 
between  RNA30  and  RNA50  is  equilib- 
rium sedimentation  of  the  RNA's  in  a 
cesium  formate  gradient.  On  the  basis  of 
the  over-all  composition,  it  was  calculated 
that  there  should  be  about  a  0.1  per  cent 
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Fig.  25.  Elution  pattern  of  a  mixture  of  P32-RNA30  plus  a  15-fold  excess  of  unlabeled  RNA50 
from  DEAE  cellulose.  Linear  NaCl  gradient  from  0.5  to  1.0  M  (4-ml  fractions  analyzed  for  ad- 
sorption at  260  mu  and  TCA-precipitable  radioactivity). 


density  difference  between  the  two  RNA's, 
with  the  guanine-rich  RNA5o  banding 
at  the  higher  density.  RNA  preparations 
that  have  been  examined  band  at  a  very 
high  density,  suggesting  that  there  is  ex- 
tensive binding  of  cesium  ions  (expected 
of  single-stranded  molecules).  For  ribo- 
somal  RNA,  the  amount  of  this  binding 
would,  of  course,  vary  with  the  extent  of 
polymerization  of  the  4S  units  in  the 
cesium  formate.  On  the  basis  of  sedimen- 
tation velocity  in  a  cesium  formate  gradi- 
ent, it  appears  that  the  large  RNA  com- 
ponents are  degraded  to  smaller  units. 
In  addition,  there  is  the  problem  of  pre- 


cipitation of  RNA  by  high  salt  concentra- 
tions. By  employing  a  low  concentration 
of  RNA,  the  possibility  of  extensive  pre- 
cipitation should  be  minimized.  If  such 
precipitation  occurred,  it  would  consider- 
ably reduce  the  time  required  to  reach 
equilibrium.  In  some  preliminary  experi- 
ments, the  RNA  did  not  reach  equilibrium 
in  48  hours,  suggesting  that  extensive  pre- 
cipitation had  not  taken  place.  In  further 
experiments,  therefore,  the  preparations 
were  centrifuged  (35,000  rpm)  for  100  to 
120  hours  to  ensure  that  equilibrium  had 
been  attained.  In  figure  26  the  results  of 
such  a  centrifugation  are  shown.  A  small 
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Fig.  26.    Equilibrium  sedimentation  of  RNA  in  a  cesium  formate  gradient.    RNA  mixed  with 
CsCOOH  (2  g/ml)  10"2  M  tris,  pU  7.4.  Centrifuged  35K  120  hours. 
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amount  of  P32-RNA5o  (as  18-12S)  was 
used  for  (a).  In  (c),  P32-RNA30  as  18S 
was  employed.  The  two  were  mixed  in 
approximately  equal  amounts  in  (b).  It  is 
evident  that  both  the  RNA30  and  RNA50 
give  reasonably  Gaussian  distributions. 
This  result  would  appear  to  preclude  any 
likelihood  that  the  RNA50  consists  of  two 
classes  of  molecule,  one  of  which  is 
guanine  rich.  In  the  mixing  of  the  two 
RNA's  (b),  there  is  clearly  evidence  for 
two  peaks.  Since  the  density  gradient 
is  not  very  large,  an  expected  0.1  per  cent 
difference  would  show  up  as  a  displace- 
ment of  the  peak  by  one  or  two  fractions 
(0.075  ml  each).  The  estimated  densities 
at  the  two  peaks  reveal  a  difference  of 
about  0.2  per  cent.  In  figure  27,  P32-RNA5o 
was  mixed  with  an  excess  of  nonradio- 
active RNA30.  Here,  again,  the  peaks  do 
not  coincide.  The  RNA50  is  shifted  about 
one  tube,  corresponding  to  a  density  dif- 
ference of  about  0.1  to  0.2  per  cent. 

Kinetics  of  Ribosomal  RNA  Synthesis 

The  in  vitro  studies  of  ribosomal  RNA 
have  demonstrated  that  it  is  made  up  en- 
tirely of  4S  subunits.  Other  experiments 
with  Mg++-starved  cells  have  shown  that 
it  is  possible  to  degrade  high-molecular- 
weight  ribosomal  RNA  to  these  subunits 
in  vivo.  In  conjunction,  these  two  types 
of  observation  suggest  that  ribosomal 
RNA  may  be  synthesized  in  the  cell  by 
way  of  such  subunits.  If  so,  the  study  of 
the  kinetics  of  the  assembly  process  by 
which  4S  subunits  become  finished  RNA 
molecules  should  aid  our  understanding 
of  the  structure  and  function  of  the  ribo- 
somes  themselves. 

Since  the  4S  particle  subunits  and 
S-RNA  are  indistinguishable  by  sedimen- 
tation criteria,  another  means  of  differ- 
entiating the  two  is  needed.  Fortunately, 
it  is  possible  to  obtain  complete  resolution 
of  one  from  the  other  by  chromatography 
on  DEAE-cellulose.  Figure  28  (0)  shows 
the  result  of  elution  of  a  mixture  of  re- 
labeled RNA  from  Mg-starved  cells  and 


a  large  excess  of  unlabeled  S-RNA.  The 
particular  nonlinear  gradient  of  NaCl  em- 
ployed is  especially  convenient  for  obtain- 
ing complete  resolution.  Virtually  all  the 
UV-absorbing  material  was  eluted  at  the 
front.  Most  of  the  radioactivity  associated 
with  ribosomal  RNA  was  eluted  near 
0.8  M  salt  (fig.  28£).  In  fact,  all  particle 
RNA  of  any  size  from  4S  to  28S  is  eluted 
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Fig.  27.  Equilibrium  sedimentation  of  P32- 
RNA50  plus  unlabeled  RNA30  (10-fold  excess) 
in  a  cesium  formate  gradient.  Centrifuged  35K 
105  hours. 

at  a   salt  concentration  of  about   0.8  M 
at  the  back  of  the  elution  diagram. 

Since  soluble  and  ribosomal  RNA's  can 
be  readily  separated  by  this  technique  it 
is  possible  to  chromatograph  cell  extracts 
to  determine  the  relative  amounts  of  these 
components.  An  extract  from  cells  uni- 
formly labeled  with  P32  was  first  centri- 
fuged (40K  180')  to  remove  the  bulk  of 
the  ribosomes.  A  sample  of  the  super- 
natant was  then  chromatographed  on 
DEAE-cellulose  employing  a  nonlinear 
salt  gradient  (fig.  29) .  The  first  peak  con- 
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Fig.  28.     Chromatography  on  DEAE-cellulose  using  a  nonlinear  gradient  from  0.4  to  2  M  NaCl. 
(a)  S-RNA  +  P32  RNA  extracted  from  Mg++-starved  cells;  (b)  18  and  28S  RNA  from  70S  particles. 


tains  a  mixture  of  S-RNA  and  DNA;  the 
second  represents  the  few  residual  particles 
left  in  the  supernatant  after  centrifugation; 
and  the  third  small  peak  elutes  in  the 
region  of  free  ribosomal  RNA.  Treatment 
of  the  first  peak  with  DNAase  showed 
40  per  cent  of  the  P32  to  be  in  DNA,  so 
that  the  remaining  60  per  cent  would  be 
S-RNA.  Since  the  S20  values  of  S-RNA 
and  particle  subunits  are  similar,  the  same 
proportion  of  each  should  remain  in  solu- 
tion after  centrifugation,  and  it  is  thus 
justifiable  to  estimate  the  quantity  of  ribo- 
somal RNA  by  comparison  with  the 
known  quantity  of  S-RNA.  Summing  the 
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Fig.  29.  Chromatography  on  DEAE-cellulose 
using  a  nonlinear  gradient  from  0.4  to  2  M 
NaCl.  40K  180'  SN  of  P32  randomly  labeled 
cell  extract. 


radioactivity  under  the  first  and  third 
peaks  shows  that  the  ribosomal  RNA  is 
approximately  1.5  per  cent  of  the  S-RNA. 
Since  the  quantity  of  S-RNA  is  about  25 
mg/g  dry  weight,  there  would  be  about 
0.4  mg/g  dry  weight  of  the  free  ribosomal 
RNA. 

If  this  were  a  precursor  to  all  the 
particle-bound  RNA,  it  would  provide 
material  for  about  15  seconds'  growth. 
Consequently,  kinetic  studies  with  labeled 
uracil  should  reveal  whether  the  4S  ma- 
terial follows  the  characteristic  behavior 
of  a  precursor  or  whether  this  small 
quantity  of  free  ribosomal  RNA  might 
arise  from  random  degradation  of  pre- 
formed particles. 

A  uracil-requiring  mutant  was  allowed 
to  incorporate  C14-uracil  for  short  periods 
of  time.  The  particle-free  cell  extract  (35K 
180'  SN)  obtained  after  exposures  (pulses) 
of  20  seconds  and  1  minute  was  then 
analyzed  on  DEAE-cellulose  (fig.  30a,  b). 
It  is  apparent  that  radioactive  uracil  ap- 
pears in  three  distinct  regions.  The  first 
and  third  may  be  equated  with  S-RNA 
and  ribosomal  RNA,  respectively,  by  the 
salt  concentrations  at  the  peaks.  The 
second  component  is  made  up  of  the  resid- 
ual small  particles.  Sedimentation  analy- 
sis of  the  1 -minute-pulse  supernatant 
showed  that  all  the  radioactivity  appeared 
in  a  single  peak  corresponding  to  about 
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4S  (fig.  31).  Since  the  residual  small 
particles  would  have  pelleted  in  this  time, 
both  the  S-RNA  and  the  ribosomal  RNA 
precursor,   even    though    clearly    resolved 


that  the  total  label  in  the  S-RNA  peak 
rises,  showing  continued  synthesis,  while 
the  third  component,  the  presumed  pre- 
cursor, has  a  constant  quantity  of  label 
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Fig.  30.  Chromatography  on  DEAE  of  35K  180'  SWB  SN  of  cell  juice,  (a)  Cells  given  a 
20-second  exposure  to  C14-uracil;  (b)  cells  given  a  1-minute  exposure  to  C14-uracil;  (c)  cells  given 
a  1-minute  exposure  to  C14-uracil  followed  by  a  30-second  chase  period  in  C12-uracil.  Nonlinear 
NaCl  gradient  from  0.4  to  2.0  M. 


by  the  ion  exchanger,  must  be  of  this  size. 
Thus,  the  rapidly  labeled  material  of  the 
third  peak  corresponds  in  size  to  the  pre- 
dicted particle  RNA  subunit. 
In  figure  30 (a)  and  (b),  it  can  be  seen 


after  20  seconds.  Incidentally,  the  specific 
activity  of  the  middle  component,  repre- 
senting a  mixture  of  residual  small  ribo- 
somes,  rises  only  slightly  as  compared 
with  S-RNA.    This  observation  suggests 
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that  the  small  ribosomes  are  probably  not 
an  end  product. 

Such  data  would  be  consistent  with  the 
build-up  of  a  15-second,  or  even  smaller, 
precursor  pool  but  cannot  be  regarded  as 
conclusive  evidence  unless  it  can  be  shown 
that  the  radioactivity  is  lost  from  the  pool 
as  quickly  as  it  enters.  If  these  kinetic  con- 
ditions are  met,  this  pool  can  safely  be  as- 
sumed to  be  an  intermediate  in  a  kinetic 
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Fig.  31.  Sedimentation  analysis  of  a  35K  180' 
SN  of  a  cell  extract  pulse-labeled  for  1  minute 
with  C14-uracil.  Centrifuged  SWB  30K  16  hours. 
Most  of  the  UV-absorbing  material  between  frac- 
tions 17  and  24  is  protein. 

sequence.  For  this  purpose,  it  is  necessary 
to  analyze  extracts  from  cells  exposed  to 
radioactive  uracil  for  a  very  short  time 
then  diluted  with  a  large  excess  of  un- 
labeled uracil. 

Unfortunately,  the  nucleotide  pool, 
which  cells  rapidly  accumulate  after  a  very 
brief  exposure  to  C14-uracil,  is  sufficient  for 
some  5  minutes'  growth.  The  addition  of 
a  gross  excess  of  nonradioactive  uracil  and 
cytosine  fails  to  dilute  out  the  pool.  Thus, 
under  normal  conditions  of  growth,  a  5-  to 
10-minute   dilution   period    ("chase")    of 


C14-uracil  is  the  minimum  possible.  It  is 
possible,  however,  to  surmount  this  diffi- 
culty and  to  obtain  rapid  cessation  of  fur- 
ther incorporation  of  label  into  polynucleo- 
tide. Bacterial  cells  will  grow  in  a  medium 
of  high  osmotic  strength  without  any  ap- 
preciable loss  of  metabolic  ability  or 
diminution  of  growth  rate.  If  such  a  cul- 
ture is  quickly  added  to  an  equal  volume 
of  distilled  water,  the  concomitant  osmotic 
shock  is  sufficient  to  cause  the  cells  to  lose 
their  pools  of  amino  acids  and  nucleotides 
almost  completely.  This  technique  makes 
possible  the  rapid  "chasing"  of  a  uracil 
label. 

Uracil-requiring  cells  were  grown  in 
C14-uracil  for  1  minute  in  C  medium  con- 
taining 0.25  M  sucrose  and  then  were 
quickly  poured  into  an  equal  volume  of 
distilled  water.  After  a  few  seconds  a 
200-fold  excess  of  unlabeled  uridine  and 
cytidine  was  added  and  quickly  followed 
by  the  salts  necessary  to  bring  the  medium 
back  to  the  original  composition.  Earlier 
experiments  had  shown  that  such  manipu- 
lations did  not  cause  a  delay  in  the  re- 
sumption of  protein  or  RNA  synthesis. 
Measurement  of  the  uptake  of  C14-uracil 
showed  that  the  shock  produced  an  im- 
mediate decrease  in  the  rate  of  incorpora- 
tion by  a  factor  of  12  (fig.  32).  Samples 
were  harvested  after  chasing  for  various 
times,  chilled,  and  processed  in  the  usual 
manner. 

Fractionation  of  the  juice  from  cells 
given  a  30-second  chase  after  a  1 -minute 
uracil  pulse  failed  to  show  any  label  left 
in  the  ribosomal  RNA  region  of  the  elu- 
tion  diagram  (fig.  30c).  Thus,  this  pool 
does  have  the  properties  of  an  intermedi- 
ate, being  rapidly  labeled  and  just  as 
rapidly  emptied.  Although  neither  the 
estimate  of  the  steady-state  pool  size  nor 
the  turnover  time  is  accurate  to  better 
than  a  factor  of  2,  the  existence  of  such  a 
pool  does  suggest  that  at  least  a  large  per- 
centage of  the  particle-bound  RNA  passes 
through  a  pool  of  4S  subunits  before  it  is 
assembled  into  nucleoprotein. 
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Fig.  32.  The  incorporation  of  C14-uracil  into 
15  T~~A~U_  cells  growing  in  maltose-salts  medium 
containing  0.25  M  sucrose.  Cells  diluted  in  dis- 
tilled water  at  60  seconds  and  unlabeled  cytidine 
and  uridine  added. 


Investigations  were  then  extended  to  an 
examination  of  the  state  of  the  newly 
synthesized  RNA  actually  within  nucleo- 
protein  particles.  Total  particle  fractions 
were  prepared  by  centrifuging  a  cell  ex- 
tract in  the  swinging-bucket  rotor  at  35K 
for  3  hours.  At  least  90  per  cent  of  the 
particle  RNA  was  collected  by  this  means. 
The  pellets  were  then  extracted  with 
phenol  to  obtain  the  RNA,  and  fraction- 
ated into  the  various-sized  components 
on  the  sucrose  gradient.  Figure  33  com- 
pares the  ribosomal  RNA  from  cells  given 
a  30-second  uracil  pulse  with  that  of  the 
same  cells  given  a  subsequent  20-minute 
chase  with  C12-uracil.  It  is  immediately 
apparent  that  low-molecular-weight  RNA 
of  approximately  4S  accounts  for  much 
of  the  radioactivity  in  the  total  particle 
fraction  at  early  times  and  that  virtually 
all  the  radioactivity  is  subsequently  found 
in  the  18  and  28S  fractions.  There  can 
be  little  contamination  of  the  particles  by 
soluble  RNA,  as  much  of  its  radioactivity 
would  persist  in  the  4S  region.  Therefore, 
it  may  be  concluded  that  a  sizable  fraction 
of  "4S"  pieces  enter  nucleoproteins  in  that 
form  and  that  there  seems  to  be  a  matura- 
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Fig.  33.  Sedimentation  analysis  of  RNA  obtained  by  extraction  of  total  ribosome  pellet,  (a) 
From  cells  given  a  30-second  pulse  of  C14-uracil;  (b)  from  cells  given  a  30-second  pulse  of  C14-uracil 
followed  by  a  20-minute  chase  with  C12-uridine  and  cytidine.   Centrifugation  37K  240"  SWB. 
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tion  process  during  which  they  are  as- 
sembled into  larger  molecules. 

Subsequent  experiments  suggested  by 
this  result  were  aimed  at  determining  the 
molecular  size  ranges  of  the  RNA  in  each 
of  the  four  classes  of  ribosomes.  Such  de- 
terminations in  conjunction  with  an  assess- 
ment of  the  maturation  time  and  the 
sequence  of  polymerization  during  matu- 
ration would  be  expected  to  yield  valuable 
information  on  the  interrelationships  of 
the  different  ribosome  groups. 

Fractionation  of  each  of  the  four  ribo- 
some classes  was  undertaken  from  two  ex- 
tracts, one  exposed  to  C14-uracil  for  1 
minute  and  the  other  from  uniformly 
labeled  cells.  A  40K  180'  pellet  was  initially 
sedimented  to  yield  fractions  containing 
the  70,  50,  30,  and  20S  ribosomes  (fig.  34) . 
Characterization  of  the  RNA  from  each  of 
these  fractions  was  then  made  by  means  of 
a  second  sucrose  gradient  separation.  This 
analysis  of  the  uniformly  labeled  RNA's 
of  the  different  particles  is  analogous  to, 
but  somewhat  more  sensitive  than,  the 
schlieren  studies  already  described.  Thus, 
figure  35(d)  shows  about  the  same  ratio 
of  28  to  18S  RNA  from  70S  particles  as 
does  figure  21  and  only  very  little  of 
any  smaller  components.  This  technique 
does  allow  us  to  study  the  RNA  of  the 
less  abundant  native  50,  30,  and  20S 
particles.  The  50S  particles  are  made  up 
mostly  of  28  and  18S  RNA  but  do  contain 
some  RNA  of  4  to  8S.  Figure  35(a) 
showing  the  RNA  extracted  from  20S 
particles  demonstrates  both  18  and  4S 
RNA.  As  previously  discussed,  the  larger 
RNA  component  is  probably  not  part  of 
a  single  20S  particle  and  is  likely  to  be  a 
dimer.  This  group  of  particles  thus  con- 
tains approximately  equal  quantities  of  4 
and  12S  RNA.  The  fact  that  the  20S 
particles  contain  the  highest  proportion  of 
low-molecular-weight  RNA  would  be  in 
close  accord  with  a  role  as  precursor  of 
some,  at  least,  of  the  larger  particles. 

The  analogous  experiments  with  1- 
minute-pulse  labeled  ribosomes  showed 
the  distribution  of  newly  formed  RNA. 


Even  in  the  70S  particles  about  one-third 
of  the  radioactivity  appeared  as  material 
of  low  S  number  (4  to  8S)  (fig.  36).  The 
50S  particles  contained  only  traces  of  radio- 
active 18  and  28S  RNA,  the  radioactivity 
appearing  mainly  as  4  and  12S  RNA.  The 
labeled  RNA30  was  mainly  4S.  The  most 
important  conclusion  from  this  set  of  data 
is  that  the  polymerization  of  RNA  takes 
place  in  the  ribosomes  and  is  not  complete 
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Fig.  34.  Sedimentation  analysis  of  uniformly 
labeled  C14-ribosomes.  Centrifugation  37K  150' 
SWB. 

by  the  time  30  and  50S  particles  join  to 
form  the  70S  component. 

Other  aspects  of  the  process  of  matura- 
tion of  the  4S  subunits  into  finished  28  and 
18S  molecules  are  best  illuminated  by 
analysis  of  a  series  of  different  length 
uracil  pulses.  Figure  37  shows  the  analysis 
of  RNA  derived  from  particles  of  cells 
given  either  a  20-  or  a  40-second  pulse  of 
C14-uracil.  The  small  4  to  8S  RNA  be- 
comes labeled  very  quickly  and  is  satu- 
rated by  20  seconds.  Subsequent  labeling 
maintains  the  specific  activity  of  this  re- 
gion and  increases  only   that  in  the  18 
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_  Fig.  35.    Sedimentation  analysis  of  the  RNA  extracted  from  C14-uracil  randomly  labeled  20,  30, 
50,  and  70S  ribosomes.    Centrifugation  37K  240'. 

and  28S  region  (fig.  37£).  Evidently,  the 
appearance  of  RNA  in  the  particles  as  4S 
pieces  and  possibly  even  its  assembly  into 
somewhat  larger  pieces  is  a  very  rapid 
process,  compared  with  the  formation  of 
finished  18  and  28S  units. 

The  existence  of  some  8  or  10  per  cent 
of  the  total  ribosomal  RNA  in  uniformly 
labeled  cells  in  the  form  of  4  to  8S  pieces 
suggests  that  the  maturation  must  occupy 
about  5  minutes.  This  conclusion  was 
substantiated  by  analysis  of  the  RNA  after 
a  1-minute  pulse  followed  by  5-  and  10- 
minute  chases  (fig.  38) .  The  redistribution 
of  the  label  from  smaller  to  larger  sedi- 
mentation classes  as  a  function  of  time  may 
be  clearly  seen.  The  fact  that  this  process 
does  not  seem  to  be  complete  even  at  10 
minutes  is  somewhat  misleading  since 
there  is  an  increase  of  about  80  per  cent  in 
the  total  labeling  of  the  RNA  in  the  10 
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Fig.  36.  Sedimentation  analysis  of  RNA  from 
purified  70S  ribosomes  of  cells  given  a  1-minute 
pulse  of  C14-uracil.    Centrifugation  37K  240'. 
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Fig.  37.  Sedimentation  analysis  of  RNA  obtained  by  extraction  of  a  total  ribosome  pellet,  (a) 
From  cells  given  a  20-second  pulse  of  C14-uracil;  (b)  from  cells  given  a  40-second  pulse  of  C14-uracil. 
Centrifugation  37K  240'. 


minutes  subsequent  to  the  1-minute  pulse. 
The  maturation  time  may  therefore  be 
estimated  as  about  5  to  10  minutes. 

For  the  purpose  of  fitting  these  observa- 
tions on  the  synthesis  and  maturation  of 
RNA  into  a  scheme  of  particle  synthesis, 
more  kinetic  studies  were  made  of  the 
ribosomes  themselves.  Such  experiments 
represented  a  continuation  of  a  series  of 
pulse  labeling  and  chasing  studies  per- 
formed in  this  laboratory  over  the  past 
three  years.  For  the  most  part,  either  S 


35 


or  P32  had  been  employed  as  a  tracer,  but 
for  reasons  previously  discussed  C14-uracil 
was  used  in  the  experiments  to  be  de- 
scribed. Some  effort  was  made  to  obtain 
results  using  pulses  and  chases  of  the 
same  times  as  had  been  employed  in  the 
RNA  studies  so  that  a  correlation  could 
be  made  between  particle  kinetics  and 
RNA  kinetics.  In  many  experiments  part 
of  the  sample  was  fractionated  in  the 
ribosome  form  and  another  part  as  free 
RNA. 
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Fig.  38.  Sedimentation  analysis  of  RNA  extracted  from  a  total  ribosome  pellet,  (a)  From  cells 
given  a  1-minute  pulse  of  C14-uracil;  (b)  from  cells  given  a  1-minute  pulse  of  C14-uracil  followed 
by  a  5-minute  chase;  (c)  from  cells  given  a  1-minute  pulse  of  C14-uracil  followed  by  a  10-minute 
chase.    Centrifugation  37K  240'. 
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Fig.  39.    Sedimentation  analysis  of  total  ribosome  pellet,    (a)  From  cells  given  a  20-second  pulse 
of  C14-uracil;  (b)  from  cells  given  a  40-second  pulse  of  C14-uracil.   Centrifugation  37K  150'. 


The  sedimentation  analyses  of  the  pulse- 
labeled  particles  are  shown  in  figures  39 
and  40.  The  first  represents  a  20-  and  a  40- 
second  pulse,  and  the  second  a  1-minute 
pulse  followed  by  1-  and  2-minute  chases. 
In  view  of  the  reasonably  good  separation 
of  the  20,  30,  and  50S  ribosomes  it  is  justi- 
fiable to  make  the  plot  of  specific  activities 


of  these  components  as  a  function  of  time, 
as  in  figure  41. 

The  most  obvious  feature  of  figure  41 
is  the  much  lower  specific  radioactivity  of 
the  50S  component  at  early  times.  The  fact 
that  the  specific  radioactivity  of  the  50S 
particles  continues  to  increase  after  the 
1-minute  chase  suggests  that  a  large  pre- 
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Fig.  40.  Sedimentation  analysis  of  a  total  ribosome  pellet,  (a)  From  cells  given  a  1-minute  pulse 
of  C14-uracil;  (b)  from  cells  given  a  1-minute  pulse  of  C14-uracil  followed  by  a  1-minute  chase 
with  unlabeled  uridine  and  cytidine;  (c)  from  cells  given  a  1-minute  pulse  of  C14-uracil  followed 
by  a  2-minute  chase  with  uridine  and  cytidine.  Centrifugation  37K  150'. 
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Fig.  41.  The  specific  radioactivities  of  the  20, 
30,  and  50S  particles  as  a  function  of  time  dur- 
ing a  1-minute  C14-uracil  pulse  and  chase.  Data 
derived  from  figures  39  and  40. 

cursor  pool  is  present.  At  the  other  ex- 
treme, the  20S  particles  are  also  rapidly 
labeled  and  could  possibly  be  the  50S  pre- 
cursor since  its  specific  radioactivity  ceases 
to  rise  immediately  after  the  chase.  The 
30S  particles  are  also  rapidly  labeled,  hav- 
ing a  specific  radioactivity  close  to  that  of 
the  20S.  This  component  does  not  show  a 
fall  in  specific  activity  relative  to  the  50S 
on  chasing. 

Of  further  interest  is  the  proportional 
and  rapid  loss  of  specific  radioactivity  of 
the  50  and  30S  components  during  the 
second  minutes  of  chasing  (figs.  40  and 
41).  If  the  synthesis  of  70S  particles  from 
30  and  50S  were  a  one-way  process,  the 
pools  of  these  smaller  particles  based  on 
the  steady-state  quantities  relative  to  70S 
should  empty  only  about  5  or  6  times  per 
generation.  The  rate  of  loss  of  specific 
activity  suggests  that  the  new  particles 
are  diluted  by  an  equal  number  from  the 
70S  fraction  about  every  minute.  Since 
roughly  80  per  cent  of  the  ribosome  ma- 


terial is  in  the  form  of  70  and  85S  particles, 
we  can  make  an  estimate  of  about  4  to  6 
minutes  as  the  average  lifetime  of  a  large 
particle  before  it  breaks  down  to  its  com- 
ponent parts. 

The  last  aspect  of  ribosome  synthesis  to 
be  investigated  was  the  association  of  50 
and  30S  particles  to  form  the  70S.  Since 
all  particle  synthesis  seems  to  be  directed 
toward  this  end,  the  details  of  this  final 
association  might  be  important  for  the 
function  of  the  70S  as  a  protein-synthesiz- 
ing template.  In  particular,  one  wonders 
whether  this  is  a  specific  process  con- 
tributing information.  As  a  first  step 
toward  settling  this  issue,  experiments 
were  performed  in  which  30  and  50S 
ribosomes  (derived  from  70S)  of  different 
species  of  bacteria  were  mixed.  P32-labeled 
E.  coli  30S  ribosomes  were  added  to  a 
mixture  of  30  and  50S  ribosomes  of  B. 
megatherium,  so  that  the  amounts  of  the 
two  types  of  30S  ribosomes  were  equal. 
Upon  raising  the  magnesium  concentra- 
tion from  10"4  to  10"2  M  there  was  an 
equal  probability  of  a  50S  ribosome  com- 
bining with  either  the  E.  coli  or  the  B. 
megatherium  30S  if  the  association  was 
random.  Subsequent  sedimentation  analy- 
sis showed  that  it  was.  This  first  small 
piece  of  evidence  does  not,  therefore,  sup- 
port the  idea  of  specificity  in  the  30  and 
50S  association,  although  the  significance 
of  such  an  in  vitro  study  may  be  ques- 
tioned. 

The  previous  experiments  have  added 
to  our  understanding  of  the  pathway  of 
particle  synthesis.  In  Year  Book  58,  DEAE- 
column  chromatography  was  employed  to 
demonstrate  that  newly  synthesized  ribo- 
somal  RNA  was  eluted  as  nucleoprotein 
at  a  higher  salt  concentration  (D  region) 
than  most  of  the  cell's  nucleoprotein  (A 
region).  It  took  a  rather  prolonged  time 
(5  to  10  minutes)  before  this  RNA  ap- 
peared in  the  A  region.  Newly  formed 
ribosomal  protein  also  behaves  differently 
in  that  it  is  irreversibly  adsorbed  on  the 
DEAE-cellulose. 
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The  present  experiments  have  clearly 
shown  that  the  most  recently  synthesized 
ribosomal  RNA  appears  as  small  compo- 
nents (4  and  8S)  and  that  it  takes  about  5 
minutes  before  these  components  are  poly- 
merized to  28  and  18S  molecules.  It  is 
quite  likely,  therefore,  that  both  the  new 
RNA  and  the  new  protein,  distinguishable 
by  these  characteristics,  must  undergo  a 
process  of  maturation  requiring  about 
5  to  10  minutes.  Since  by  the  above  criteria 
some  of  the  70S  particles  are  immature, 
it  is  not  clear  whether  the  maturation 
process  must  be  complete  before  the  parti- 
cle is  able  to  function  in  protein  synthesis. 

Previously  (Year  Book  58)  the  equili- 
bration of  radioactive  P32  among  the  30, 
50,  and  70S  particles  in  persistent  labeling 
experiments  was  interpreted  as  being  due 
to  a  recirculation  of  particles,  i.e., 

50<=±70^±30 

There  was  no  evidence  that  30S  ribosomes 
equilibrated  with  50S,  although  a  pre- 
cursor-product relation  was  postulated  on 
the  basis  of  kinetic  data.  It  was  not  clear 
from  these  experiments  whether  the  20S 
fraction  also  entered  into  this  process.  The 
very  short-term  pulse  experiments  previ- 
ously discussed  support  the  concept  of 
rapid  recirculation.  After  only  about  30 
seconds  of  chasing,  there  is  extensive  dilu- 
tion of  the  activity  in  the  30  and  50S 
fractions.  At  this  rate,  the  circulation  of 
70  ?=±  50S  +  30S  would  occur  about  10  to 
15  times  per  generation.  This  factor  would 
make  it  necessary  for  the  smaller  native  30 
and  50S  particle  pools  to  empty  very 
rapidly  (i.e.,  about  100  times  per  genera- 
tion), thus  accounting  for  the  presence  of 
radioactivity  in  the  70S  fraction  in  as  short 
a  time  as  20  seconds. 

These  very  short-term  labeling  experi- 
ments (20  and  40  seconds)  also  make  it 
necessary  to  re-evaluate  our  ideas  about 
the  pathway  of  particle  synthesis.  At  20  sec- 
onds, there  is  approximately  equal  radio- 
activity in  the  20,  30,  and  50S  regions.  The 
specific  activity  of  the  first  two  components 


is  about  equal  to  and  approximately  twice 
that  of  the  50S  particles.  This  lower  spe- 
cific activity  of  the  larger  particles  would 
suggest  a  precursor  to  50S  ribosomes. 
Either  the  20S  or,  as  previously  postulated, 
the  30S  fraction  could  serve  this  function. 
There  is  considerable  evidence,  however, 
that  makes  the  latter  alternative  unlikely. 

The  difference  in  base  ratio  between  the 
30  and  50S  ribosomes  would  require  the 
addition  of  a  special  guanine-rich  RNA 
fraction.  Furthermore,  persistent  labeling 
results  in  rapid  equilibration  of  the  specific 
activities  of  the  30  and  50S  fractions, 
whereas  a  precursor-product  relationship 
would  result  in  accumulation  of  label  in 
the  50S  fraction.  Such  a  pathway  must, 
therefore,  include  a  recirculation  of  ma- 
terial from  50  to  30S.  In  addition,  the 
failure  of  the  RNA's  from  the  two  particles 
to  form  mixed  polymers  of  28S  in  vitro 
would  seem  incompatible  with  this  path- 
way. 

The  20S  fraction  would  then  appear  to 
be  a  likely  precursor  to  50S.  The  amount 
of  radioactivity  in  the  50S  particle  at  20 
seconds,  however,  would  tend  to  exclude 
a  direct  conversion  (i.e.,  4X20S— >50S)  as 
the  sole  pathway.  An  additional  point  of 
entry  into  the  RNA  just  before  the  forma- 
tion of  50S  ribosomes  would  be  more 
consistent. 

The  revised  pathway  can  be  summarized 
as  follows: 


4S< 


->-30S 


4S 


->-20S 


->-50S 


70S 


4S 


If,  in  persistent  labeling  experiments, 
there  proves  to  be  equilibration  of  the 
radioactivity  in  the  20S  particles,  a  re- 
circulation from  30S  particles  to  20S  would 
be  necessary.  A  modified  scheme  such  as 
the  following  could  then  be  proposed: 
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4S 


->-20S 


t 


4S 


-*-30S 


4S 


->-20S 


4S 


->-50S 


70S 


Circulation  of  the  50  to  20S  analogous  to 
that  proposed  for  30S  would  be  expected 
to  yield  more  nearly  equal  specific  radio- 
activities of  20  and  50S  at  early  times. 

All  the  evidence  available  therefore  sug- 
gests some  divergence  in  the  pathway  of 
ribosome  synthesis  to  produce  30  and  50S 
particles.  Perhaps  the  most  elusive  of  all 
the  questions  connected  with  the  mecha- 
nism of  protein  synthesis  by  ribosomes  is 
concerned  with  the  presence  of  one  of  each 
of  these  particles  in  the  functional  70S 
ribosomes.  The  random  in  vitro  associa- 
tion of  50  and  30S  particles  from  different 
bacterial  species  would  suggest  that  it  is 
unlikely  that  the  linkage  between  them  is 
a  specific  one  and  could  contribute  any 
information.  Moreover,  there  is  no  fur- 
ther polymerization  step  of  the  RNA,  for 
only  28  and  18S  RNA  can  be  extracted 
from  a  70S  particle.  Whether  both  or  only 
one  of  the  particles  contains  information 
remains  to  be  seen. 

It  will  be  instructive  to  consider  what 
bearing  the  size  and  organization  of  the 
RNA  within  ribosomes  might  have  on  our 
understanding  of  the  particles  as  templates 
and  as  presumed  carriers  of  information. 
In  one  sense  our  present  hypothesis  about 
coding  will  not  have  to  be  changed,  for 
the  70S  particles  that  appear  to  perform 
most  of  the  protein  synthesis  are  made 
up  of  large  molecules  of  RNA  and  accord- 
ing to  present  concepts  of  coding  could 
contain  adequate  information  to  specify  a 
protein.  But,  on  the  other  hand,  RNA  en- 
ters its  particulate  existence  as  small  4S 
molecules  and  is  only  completely  polymer- 
ized after  some  5  minutes.  Moreover,  if 
it  is  only  the  large  RNA  pieces  that  can 
transmit   information,   the   association   of 


the  subunits  must  be  a  very  specific  one 
so  that  the  phrases  in  the  message  are 
linked  in  the  right  order. 

The  physical  studies  of  ribosomal  RNA 
have  shown  that  both  Mg++  ion  binding 
and  hydrogen  bonds  are  important  in  the 
assembly  of  the  subunits.  If  the  molecules 
are  to  contain  information,  it  would  ap- 
pear most  probable  that  such  specific  link- 
age would  be  brought  about  mostly  by 
hydrogen  bonding.  This  could  occur  by 
overlap  of  a  few  nucleotides  at  each  end 
of  the  100-nucleotide  units.  There  is  no 
doubt  that  Mg++  ions  are  essential  for  the 
integrity  of  the  large  pieces  since  dialysis 
of  28S  and  18S  RNA  against  solutions  of 
low  magnesium  content  results  in  the  deg- 
radation to  4S  units.  It  is  possible  that 
the  magnesium  serves  as  cross  links  to  or- 
ganize the  RNA  in  a  compact  structure 
such  as  must  exist  in  a  spherical  particle 
and  that  the  hydrogen  bonding  is  not  suf- 
ficient to  maintain  the  structure  without 
the  aid  of  ionic  bonds. 

How  then  is  this  specific  arrangement  of 
the  subunits  brought  about?  Polymeriza- 
tion of  a  given  molecule  of  RNA  is  not 
complete  until  after  it  has  become  part  of 
a  finished  70S  particle.  Two  possible  al- 
ternative mechanisms  are  immediately  ap- 
parent. On  the  one  hand,  particle  develop- 
ment could  proceed  in  close  contact  with 
the  nucleus  right  up  until  a  70S  particle 
is  completed.  It  is  known  from  the  work 
of  Caro  and  Forro  that  pulse-labeled  RNA 
appears  in  the  nuclear  region  in  bacteria, 
but  such  a  mechanism  would  imply  that 
these  newly  synthesized  molecules  would 
remain  there  for  some  5  minutes.  More- 
over, all  the  native  20,  30,  and  50S  particles, 
a  quantity  of  RNA  roughly  equal  to  the 
DNA,  would  be  located  in  the  nuclear  re- 
gion. Such  an  assembly  process  would 
involve  an  intimate  association  between 
ribosome  and  DNA  throughout  many 
sequential  additions  of  RNA  and  protein. 
The  isolation  of  the  native  20,  30,  and  50S 
particles  would  thus  be  an  artifact  result- 
ing from  the  severing  of  their  close  associa- 
tion with  the  DNA. 
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On  the  other  hand,  it  is  not  necessary 
that  DNA  should  mediate  so  continuously 
in  particle  development.  Since  the  20S 
ribosomes  can  be  considered  the  basic  units 
in  the  assembly  of  larger  particles,  possibly 
they  are  made  in  the  "nucleus"  and  further 
addition  of  RNA  takes  place  in  the  cyto- 
plasm by  direct  polymerization  of  particles 
or  by  addition  of  subunits  to  a  pre-existing 
RNA  structure  or  by  both  methods.  The 
RNA  could  self-replicate  by  complemen- 
tary or  identical  base  pairing  so  that  the 
larger  particles  differed  from  the  20S  only 
in  their  possession  of  multiple  sites  for 
protein  synthesis.  Alternatively,  perhaps 
the  specific  RNA  is  contained  in  the  20S 
particle  and  further  addition  of  RNA  does 
not  augment  this  information.  There  need 
not  then  be  any  relationship  between  the 
base  sequence  of  the  4S  units  of  RNA 
added  and  those  already  present  in  the 
20S  ribosome. 

Nucleotide  Sequences  in  E.  coli 
Ribonucleic  Acids 

The  hypothesis  that  ribonucleic  acids 
may  serve  as  templates  upon  which  amino 
acids  are  assembled  during  the  synthesis 
of  protein  molecules  is  a  central  idea  of 
molecular  biology.  The  sequences  of 
nucleotides  in  the  ribonucleic  acids  are  be- 
lieved to  specify  the  sequences  of  amino 
acids  in  proteins.  Moreover,  the  constant 
proportions  of  protein  and  nucleic  acid  in 
ribosomes  indicate  a  definite  arrangement 
of  these  parts.  Thus,  knowledge  of  the 
nucleotide  sequences  of  RNA  could  con- 
tribute toward  understanding  of  both  the 
structure  and  the  function  of  ribosomes. 

Currently  developing  analytical  methods 
make  it  possible  to  determine  many 
nucleotide  sequences  in  RNA.  Some  re- 
sults of  our  studies  are  reported  below. 

Kinetics  of  ribosome  self -digestion. 
Ribosomes  treated  with  4.5  M  urea  or 
suspended  in  a  solution  of  EDT  (versene, 
ethylene  diamine  tetraacetal)  rapidly  de- 
teriorate and  release  a  latent  ribonuclease 
which  digests  the  ribosomal  RNA.  Figure 


42(a)  shows  the  release  of  acid-soluble 
ultraviolet-light-absorbing  components  as 
a  function  of  time  after  treatment  of  ribo- 
somes with  EDT.  The  lag  shown  was 
purposely  introduced  by  allowing  the 
digest  to  warm  from  room  temperature  to 
37  °C.  During  the  course  of  this  experi- 
ment samples  of  the  acid-soluble  fraction 
were  analyzed  by  the  orcinol  reaction 
for  purine-associated  ribose  and  also  by 
paper  chromatography.  The  ammonium 
sulfate-phosphate  buffer-isopropanol  chro- 
matographic solvent  separates  the  mixed 
oligonucleotides,  the  2',3'-adenylic  acids, 
the  2',3'-guanylic  acids,  and  the  mixed 
pyrimidine  mononucleotides  in  the  order 
of  increasing  rate  of  migration.  The  re- 
sults of  analyses  of  each  of  these  by  ultra- 
violet   absorption    are    shown    in    figure 

This  experiment  illustrates  some  features 
of  the  behavior  of  the  bacterial  enzyme. 
The  enzymic  attack  initially  produces 
oligonucleotides  more  rapidly  than  it  pro- 
duces mononucleotides.  The  rate  of  mono- 
nucleotide production  is  roughly  propor- 
tional to  the  oligonucleotide  concentration. 
Thus,  oligonucleotides  are  the  precursors 
of  mononucleotides.  The  enzyme  does 
not  appear  to  degrade  the  original  poly- 
nucleotide chains  from  one  end,  thereby 
releasing  mononucleotides  one  by  one.  In- 
stead, it  appears  to  cleave  the  large  units 
into  smaller  ones,  and  eventually  into 
mononucleotides.  All  four  mononucleo- 
tides appear,  even  at  early  times.  Thus, 
most  of  the  possible  kinds  of  phospho- 
diester  linkages  that  make  up  the  back- 
bone of  the  ribosomal  RNA  can  be  hy- 
drolyzed  by  the  bacterial  enzyme.  The 
paper  chromatograms  show  that  the 
purine  mononucleotides  are  essentially  all 
of  the  type  in  which  the  phosphate  group 
is  esterified  at  the  3'-hydroxyl  of  ribose. 
Even  at  the  end  of  an  hour  of  reaction, 
when  the  RNA  is  completely  acid  soluble, 
about  one-fifth  of  the  total  residues  persist 
as  oligonucleotides.  There  are,  therefore, 
some  linkages  which  are  slowly,  if  at  all, 
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hydrolyzed.  The  production  of  acid-solu- 
ble purine-associated  ribose  (fig.  42a)  is 
coincident  with  the  production  of  acid- 
soluble  ultraviolet-absorbing  materials. 
Hence  purine  nucleotides  are  released  at 
about  the  same  rate  as  other  nucleotides. 


materials  were  eluted  with  KHCO3  in  a 
concentration  gradient  as  shown  by  the 
broken  line.  Fractions  were  collected  and 
analyzed. 

The  shaded  peak  has  no  affinity  for  the 
cellulose;  it  results  principally  from  light 


£ 
o 

CO 
CO 


Q 
6 


15  20 

Minutes 


25 


30 


Fig.  42.  EDT-induced  self-digestion  of  E.  coli  ribosomes.  (a)  Release  of  acid-soluble,  UV- 
absorbing,  and  orcinol-reactive  components,  (b)  Release  of  acid-soluble  oligonucleotides  (OLIGO) ; 
adenylic  acid  (A3'  P) ;  guanylic  acid  (G3'  P) ;  and  the  mixed  pyrimidine  mononucleotides  cytidylic 
and  uridylic  acids  (C  and  U).  70S  ribosomes  were  added  to  EDT  (0.05  M  final  concentration), 
pH  7.6.  Aliquots  were  withdrawn  and  treated  with  formic  acid  to  stop  the  digestion.  Samples 
of  the  mixture  were  then  chromatographed  and  analyzed. 


Ion  exchange  of  the  nucleotide  products 
of  self -digestion.  Nucleotides  may  be 
separated  by  ion  exchange  on  DEAE-cellu- 
lose.  An  example  illustrating  the  com- 
plexity among  the  oligonucleotide  prod- 
ucts of  self -digestion  is  shown  in  figure  43. 
For  this  run  ribosomes  were  suspended  in 
4.5  M  urea  in  TSM  5  X  10"3  for  an  hour  at 
37°.  This  preparation  was  diluted  with  5 
volumes  of  water  and  immediately  ad- 
sorbed onto  DEAE-cellulose.  The  adsorbed 


scattering  by  denatured  ribosomal  protein. 
The  first  major  group  to  be  eluted  contains 
the  mononucleotides,  all  the  uridylic  acid, 
about  85  per  cent  of  the  purine  nucleotides, 
and  a  little  over  half  of  the  cytidylic  acid. 
The  sum  of  the  mononucleotides  was  83 
per  cent  of  the  total.  In  other  experiments 
this  value  has  been  as  low  as  60  per  cent 
and  as  high  as  85  per  cent  for  a  1-hour 
digestion  time.  Several  of  the  major  peaks 
containing  oligonucleotides  were  concen- 
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trated,  and  a  qualitative  determination  of 
their  nucleotide  components  was  made. 
The  approximate  percentage  of  the  total  is 
indicated  for  each  region,  together  with 
the  nucleotide  diagnosis.  No  uridylic  acid 
was  found  in  the  oligonucleotides;  ade- 
nylic acid  (A)  was  not  associated  with 
guanylic  acid  (G)  except  for  the  very  last 
peak,  which  is  undoubtedly  a  complex 
mixture;  A  or  G  was  always  associated 
with  cytidylic  acid  (C) ;  cytidylic  acid  was 
also  the  sole  component  of  two  of  the 
peaks.    Hence   the  bacterial   enzyme   ap- 


above  agree  reasonably  well  with  this  cal- 
culation they  are  considered  to  support 
the  idea  that  ribosomal  RNA  is  comprised 
of  essentially  random  arrangements  of 
nucleotides. 

Ion-exchange  chromatography  of  beef 
pancreatic  ribonuclease  digests.  Beef  pan- 
creatic ribonuclease  digests  RNA  to  yield 
products  of  the  type  (Pu)n  Pyr.  (Pu) 
indicates  either  or  both  adenylic  and 
guanylic  acids,  and  Pyr  indicates  either 
cytidylic  or  uridylic  acid.  These  products 
may    be     separated    by     DEAE-cellulose 
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Fig.  43.  Elution  diagram  of  a  1-hour  self -digest  of  E.  coli  ribosomes:  70S  ribosomes  were 
treated  with  4.5  M  urea,  p¥L  7.6,  for  1  hour.  The  digest  was  adsorbed  to  DEAE-cellulose 
(IX  15  cm  column  equilibrated  with  0.01  M  KHCOs).  A  KHCOs  concentration  gradient  was  used 
to  elute  the  UV-absorbing  components.  Each  fraction  contained  4.5  ml.  A,  G,  C,  U  indicate  the 
residues  adenylic,  guanylic,  cytidylic,  and  uridylic  acids.  The  numerical  values  are  moles  of  residues 
per  100  moles  loaded  onto  the  column.   Recovery  was  greater  than  95  per  cent. 


pears  to  be  able  to  hydrolyze  most  of  the 
internucleotide  linkages  rapidly,  but  the 
associations  of  A,  G,  or  C  with  C  are  rela- 
tively slowly  attacked.  Preliminary  analyses 
indicate  that  the  oligonucleotides  are  of 
the  types  C«,  or  ACn,  or  GCn.  If  it  is 
assumed  that  all  such  oligonucleotides 
exist  at  the  end  of  an  hour,  that  their  fre- 
quency of  occurrence  is  random,  and  that 
all  the  other  possible  arrangements  of 
nucleotides  may  be  reduced  to  mono- 
nucleotides, then  it  may  be  calculated  from 
the  known  nucleotide  composition  that 
all  the  uridylic  acid,  89  per  cent  of  the 
purine  nucleotides,  and  50  per  cent  of  the 
cytidylic  acid  would  appear  as  mono- 
nucleotides. Since  the  actual  findings  stated 


chromatography.  Figure  44  illustrates  a 
separation  achieved  with  a  KHCO3  gradi- 
ent. For  this  particular  experiment  non- 
radioactive soluble  RNA  was  mixed  with 
P32-labeled  RNA  extracted  from  50S  parti- 
cles. The  mixture  was  treated  with  beef 
ribonuclease  at  37°  for  18  hours.  The  ultra- 
violet absorption  (O.D.  260  m|j)  measures 
the  amounts  of  components  from  the 
S-RNA,  and  radioactivity  indicates  the 
components  from  the  particle  RNA.  It  is 
evident  that  many  components  are  com- 
mon to  the  two  nucleic  acids;  however, 
these  "fingerprints"  do  not  exactly  match. 
Some  sequences  exist  in  the  S-RNA 
(arrows)  that  are  absent  or  greatly  reduced 
in  the  RNA50.  These  sequences  in  S-RNA 
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probably  contain  the  uncommon  bases 
(methylpurine,  5-ribosyl  uracil,  etc.)  which 
have  been  reported  to  occur. 

The  known  specificity  of  the  pancreatic 
enzyme,  the  known  composition  of  the 
bacterial  RNA's,  and  the  high  resolving 
power  of  the  ion-exchange  method  make 
it  possible  to  determine  whether  the  vari- 
ous RNA's  are  comprised  of  random  ar- 
rangements of  nucleotides.  Our  analyses 
are  by  no  means  complete,  but  they  already 
indicate  that  the  RNA's  derived  from  70, 


nucleotides,  eight  trinucleotides,  and  so  on. 
A  digest  of  RNA70  was  chromato- 
graphed  on  DEAE-cellulose  using  the 
volatile  salt  ammonium  bicarbonate  as  the 
eluting  agent.  The  elution  pattern  was 
roughly  like  that  shown  for  the  RNA50 
in  figure  44.  Appropriate  fractions  were 
pooled,  concentrated,  and  further  frac- 
tionated by  high-voltage  paper  electro- 
phoresis at  pH  3.5.  The  compounds  re- 
solved in  this  way  were  eluted  and  digested 
with  hydrochloric  acid.   The  products  of 
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Fig.  44.  Elution  diagram  of  a  mixture  of  S-RNA  and  P32-labeled  RNA50  exhaustively  digested 
with  beef  pancreatic  ribonuclease.  O.D.  260  mu  indicates  the  products  from  S-RNA  and  radio- 
activity from  RNA50.  The  arrows  indicate  the  regions  of  major  differences  between  the  two  types 
of  RNA.  KHCO3  gradient  elution  was  employed;  4.5-ml  fractions  were  collected.  Recovery  was 
98  per  cent  for  both   S-RNA   and  RNA50. 


50,  or  30S  particles  are  probably  comprised 
of  all  possible  sequences  and  that  these 
occur  in  the  proportions  expected  from  a 
random  association.  Using  the  nucleotide 
composition  of  the  RNA  and  applying  the 
"rule,"  (Pu)n  Pyr,  of  the  beef  enzyme,  the 
proportions  of  mono-,  di-,  tri-,  etc.,  nucleo- 
tides to  be  expected  from  random  associa- 
tion may  be  calculated.  Expressed  as  moles 
of  mononucleotide  residues  per  100  moles, 
the  proportions  for  RNA70  are:  (1)  17.0, 
(2)  20.2,  (3)  18,  (4)  14.3,  (5)  10.5,  (6)  7.6, 
(7)  5.2,  (8)  3.5,  (9)  2.3,  (10)  1.6  •  ■  \ 
There  are  expected  two  kinds  of  pyrimi- 
dine  mononucleotides,  four  kinds  of  di- 


this  digest  (purine  bases  and  pyrimidine 
nucleotides)  were  separated  electrophoreti- 
cally  and  quantitatively  analyzed.  By 
these  means  the  following  components  of 
the  ribonuclease  digest  have  been  found: 
the  two  pyrimidine  mononucleotides, 
AAC,  AAU,  AGC,  GAC,  AGU,  GAU. 
The  other  two  trinucleotides,  GGC  and 
GGU,  were  probably  present,  although 
the  poor  resolution  between  these  and  the 
still  larger  chains  precluded  their  identifi- 
cation. Precise  measurements  of  the  pro- 
portions among  the  products  isolated  are 
not  yet  available.  However,  approximately 
equal  amounts   (as   mononucleotide  resi- 
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dues)  of  the  mono,  di,  and  trinucleotides 
were  recovered,  and  their  sum  accounts 
for  about  half  of  the  total.  For  a  random 
arrangement  the  expected  proportions  are 
17.0,  20.2,  and  18.0,  and  their  sum  55.2  per 
cent  of  the  total.  In  addition,  approxi- 
mately equal  amounts  of  the  four  dinucleo- 
tides  were  recovered:  the  expected  pro- 
portions are,  AC  4.6,  AU  4.1,  GC  6.0,  GU 
5.4  per  cent.  Approximately  equal  amounts 
of  the  pyrimidine  mononucleotides  were 
also  recovered :  for  C,  9  mole  per  cent,  and 
for  U,  8  mole  per  cent,  are  expected. 

Applying  the  same  kinds  of  calculations 
for  the  RNA5o  reveals  that  16.0  mole  per 
cent  of  the  pyrimidine  residues  should  ap- 
pear in  the  pancreatic  ribonuclease  digests 
as  mononucleotides  and  their  proportions 
should  be  C,  8.5,  and  U,  7.5.  By  using 
P32-labeled  RNA50  and  separating  the 
mononucleotides  electrophoretically  15 
mole  per  cent  was  recovered  from  the 
pancreatic  ribonuclease  digest  as  pyrimi- 
dine mononucleotides,  and  these  were  in 
the  proportions  C,  7.6,  and  U,  7.4. 

More  than  90  per  cent  of  the  digested 
nucleic  acid  is  recovered  from  the  ion  ex- 
changer. Since  about  half  the  residues  are 
recovered  as  trinucleotides  or  smaller  ele- 
ments, the  remainder  must  exist  as  tetra- 
nucleotide  and  larger  structures.  By 
analogy  with  the  chromatographic  behav- 
ior of  synthetic  polyadenylic  acids  of 
known  chain  length  it  appears  probable 
that  the  digests  of  the  bacterial  RNA  con- 
tain oligonucleotides  of  at  least  8  residues. 
Since  the  longer  chains  are  so  infrequent  it 
will  probably  not  be  possible  to  determine 
directly  whether  all  the  possible  variants 
exist,  although  the  separation  and  identifi- 
cation of  the  16  possible  tetranucleotides 
could  be  accomplished  with  present 
methods. 

These  studies  support  the  idea  that  the 
RNA's  of  E.  coli  are  comprised  of  nucleo- 
tide sequences  that  occur  with  random 
frequency.  The  minimum  number  of  resi- 
dues in  a  single  chain  from  RNA70  that 
will  permit  a  recovery  of  17  mole  per  cent 
of  pyrimidine  mononucleotide  is  133,  if  it 


is  assumed  that  all  the  chains  are  alike  and 
that  all  8  trinucleotides  are  represented 
once.  Such  a  chain  would  permit  the  ex- 
istence of  only  a  single  7-nucleotide  se- 
quence. All  longer  sequences  would  be 
excluded.  To  accommodate  all  16  possible 
tetranucleotides  the  chain  would  neces- 
sarily be  composed  of  450  residues,  a  mole- 
cule unlikely  to  have  a  sedimentation  con- 
stant of  4S.  Therefore,  it  is  apparent  that 
the  RNA  molecules  must  be  of  many  dif- 
ferent kinds,  differing  in  the  sequences 
in  which  the  nucleotides  are  arranged. 

Inhibition   of  Protein  Synthesis  by 
Fhwrouracil 

In  Year  Book  58  pulse-labeling  experi- 
ments were  described  which  supported  the 
concept  that  the  ribosomes,  especially  the 
70S  fraction,  serve  as  the  sites  of  protein 
synthesis  in  E.  coli.  It  has  been  known  for 
some  time  that  the  majority  of  the  ribo- 
somes in  an  extract  prepared  from  ex- 
ponentially growing  bacteria  exist  as  the 
70S  component.  The  smaller  particles  are 
believed  to  be  precursors  of  this  fraction. 
It  would  thus  appear  that  most  of  the 
RNA  synthesis  taking  place  simultane- 
ously with  protein  synthesis  is  not  directly 
involved  in  the  production  of  protein  mole- 
cules. Most  of  the  RNA  synthesis  must  be 
involved  in  the  building-up  of  the  smaller 
particles  to  the  functional  70S  component. 

According  to  this  hypothesis,  a  purine 
or  pyrimidine  analog  extensively  incor- 
porated into  RNA  should  not  have  an 
immediate  effect  on  protein  synthesis  (as- 
suming that  this  was  the  mechanism  by 
which  the  analog  exerted  its  inhibitory 
action) .  Depending  on  the  length  of  time 
for  which  a  pre-existing  particle  can  func- 
tion, there  will  be  a  corresponding  lag  in 
the  time  before  the  incorporated  analog 
becomes  effective. 

5-Fluorouracil  is  very  extensively  in- 
corporated into  RNA,  replacing  up  to  40 
per  cent  of  the  uracil  residues  in  E.  coli  B. 

The  ribosomes  (40K  120'  P)  from  cells 
incubated  for  40  minutes  with  fluoroura- 
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cil  (20  |jg/ml)  and  P32C>4=  were  examined 
in  the  analytical  ultracentrifuge  and  frac- 
tionated by  differential  centrifugation  in  a 
sucrose  gradient.  The  results  are  presented 
in  figures  45  (pi.  7)  and  46.  The  schlieren 
diagram  clearly  shows  the  increase  in  the 
relative  amount  of  material  in  the  smaller 
particle  fractions.  The  high  specific  activ- 
ity of  the  30  and  50S  regions  in  the  sucrose 
gradient  fractionation  demonstrates  that 
the  fluorouracil  did  not  merely  cause  a 
redistribution  of  pre-existing  particles.   In 


or  to  the  synthesis  of  "abnormal"  fluoroura- 
cil-containing  30  and  50S  ribosomes.  If 
the  former  hypothesis  is  true,  the  material 
synthesized  in  the  presence  of  the  analog 
should  move  on  to  form  70S  particles 
upon  the  reversal  with  excess  uracil.  The 
results  of  an  experiment  designed  to  look 
for  such  a  reversal  are  summarized  in  fig- 
ure 47.  Cells  incubated  for  40  minutes  in 
the  presence  of  P3204  and  fluorouracil  (20 
ug/ml)  were  centrifuged,  washed,  and 
placed  in  a  basal  medium  with  uracil  (20 
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Fig.  46.     Sucrose  gradient  fractionation  of  40K   120'  P  from  cells  incubated  45  minutes  in  the 
presence  of  fluorouracil  (20  ug/ml).  SWB  37K  90'. 


cells  incubated  for  a  similar  time  without 
the  analog,  the  specific  activities  of  all  the 
ribosomal  RNA  fractions  are  equal. 

The  ability  of  E.  coli  to  continue  protein 
synthesis  (as  measured  by  incorporation 
of  C14-amino  acids  or  the  increased  activity 
of  a  number  of  constitutive  or  induced 
enzymes)  for  almost  one  generation  time 
would  suggest  that  this  inability  to  syn- 
thesize the  70S  component  has  no  immedi- 
ate consequence.  The  accumulation  of  the 
smaller  ribosomal  components  could  be 
attributed  to  the  analog's  actually  blocking 

the  step 

Mg++ 

50S+30S^70S 


ug/ml)  but  lacking  P32.  Even  after  15 
minutes  of  incubation  (successful  reversal 
was  judged  by  optical-density  increase  at 
650  mu  as  compared  with  control  with 
fluorouracil),  the  specific  activities  of  the 
30  and  50S  components  were  still  highest. 
In  normal  cells,  after  persistent  labeling 
with  P3204,  the  activity  equilibrates  in  a 
much  shorter  period.  After  45  minutes, 
there  is  still  not  a  complete  equilibration, 
although  by  this  time  the  activities  have 
been  diluted  extensively  by  the  synthesis 
of  nonradioactive  RNA.  This  result  would 
suggest  that  ribosomes  accumulated  in 
the  presence  of  fluorouracil  are  abnormal, 
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Fig.  47.  Sedimentation  analysis  of  40K  180'  P  fractions.  SWB  37K  90'.  (a)  Cells  incubated  40 
minutes  in  the  presence  of  fluorouracil  (20  ug/ml).  (b)  As  in  (a),  but  cells  resuspended  in  non- 
radioactive medium  containing  uracil  (100  ug/ml)  incubated  additional  15  minutes,  (c)  As  in 
(b),  incubated  additional  45  minutes. 


probably  owing  to  the  presence  of  large 
amounts  of  the  analog  in  the  RNA. 

Although  such  results  could  explain  the 
bacteriostatic  action  of  5-fluorouracil,  it  is 
quite  conceivable  that  the  analog  could  be 
most  effective  at  other  sites  in  the  cell.  It 
is  known  that  a  deoxy  derivative  of  5- 
fluorouracil  inhibits  DNA  synthesis  in  E. 
coli.  Both  these  actions  are  unquestionably 
important  in  explaining  the  effect  of  the 
analog  on  cell  growth.  A  specific  effect  on 
protein  synthesis,  however,  might  be  medi- 
ated through  the  accumulation  of  "ab- 
normal RNA."  The  inability  to  form  the 
70S  component  would  prevent  the  further 
production  of  protein-synthesizing  sites. 

A  physiological  state  of  bacteria  can  be 
produced  that  could  conceivably  test  this 
hypothesis.  As  was  discussed  in  Year  Book 
58,  extensive  magnesium  starvation  results 
in  the  reduction  of  the  ribosome  content 
to  less  than  5  per  cent  of  normal.  Upon 
readdition  of  magnesium,  all  cells  are 
viable,  and  after  a  short  lag  they  begin 
ribosome  synthesis  at  an  exponential  rate. 
In  such  cells,  it  would  be  expected  that 
fluorouracil  would  have  an  immediate  and 
marked  effect  on  ribosome  and  protein 
synthesis.  As  the  schlieren  diagrams  in 
figure  48,  plate  7,  show,  there  is  an  exten- 
sive inhibition  of  ribosome  synthesis,  es- 


pecially the  faster-moving  70S  component, 
in  magnesium-starved  cells.  The  effect  on 
protein  synthesis  as  measured  by  TCA- 
precipitable  S35  is  shown  in  figure  49.  In 
normal  cells,  as  was  discussed  earlier,  there 
is  no  marked  effect  of  the  analog  on  pro- 
tein synthesis  over  about  one  generation 
time  (shown  here).  In  magnesium-starved 
cells,  however,  there  is  a  severe  inhibition 
by  fluorouracil.  Similar  results  were  ob- 
tained when  the  activity  of  the  enzyme 
alkaline  phosphatase  was  measured. 
It  is,  of  course,  conceivable  that,  in  addi- 
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Fig.  49.  Relative  incorporation  of  TCA-pre- 
cipitable  S3504  in  magnesium-starved  and  ex- 
ponential cells  in  the  presence  or  absence  of  flu- 
orouracil (20  ug/ml).  Cell  concentrations  about 
150  Mg/ml  dry  weight. 
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tion  to  depleting  the  ribosome  content, 
magnesium  starvation  has  effects  on  other 
cellular  structures  that  may  have  to  un- 
dergo repair  before  synthesis  of  protein 
can  commence.  By  inhibiting  the  neces- 
sary reactions,  fluorouracil  would  be  ex- 
erting an  indirect  but  potent  effect  on 
protein  synthesis.  One  such  possible  site 
could  be  on  some  reaction  required  for 
cell-wall  synthesis.   The  intactness  of  this 


the  effect  is  directly  on  ribosome  synthesis, 
addition  of  the  analog  at  various  times 
following  growth  of  the  cells  should  pre- 
vent further  increase  in  the  rate  of  pro- 
tein synthesis.  In  figure  50,  it  can  be  seen 
that  addition  of  fluorouracil  at  various 
times  results  in  the  continued  linear  syn- 
thesis of  protein  (i.e.,  the  ribosomes  exist- 
ing at  the  time  of  the  addition  of  the 
analog   apparently   continue   to   function, 
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Fig.  50.    Effect  of  time  of  addition  of  fluorouracil  (20  ug/ml)   on  the  incorporation  of  S3504 
by  magnesium-starved  bacteria. 


cellular  component  may  be  necessary  for 
the  concentrating  mechanisms  of  the  cell 
to  function  normally.  Although  the  ability 
to  concentrate  amino  acids  is  not  markedly 
impaired  after  magnesium  starvation,  it 
is  still  conceivable  that  some  other  neces- 
sary nutrient  is  not  concentrated  suffi- 
ciently well. 

In  any  event,  if  such  an  indirect  effect 
were  important,  a  short  incubation  of 
starved  cells  in  the  absence  of  fluorouracil 
should  be  sufficient  to  repair  any  damage 
and  eliminate  the  inhibition  of  protein  syn- 
thesis by  the  analog.  If,  on  the  other  hand, 


but  the  rate  of  protein  synthesis  does  not 
increase  because  the  fluorouracil  prevents 
the  continued  synthesis  of  functional  70S 
particles).  A  more  direct  action  of  fluoro- 
uracil on  protein  synthesis  via  interrup- 
tion of  functional  ribosome  synthesis 
would  thus  be  supported. 

Two  other  series  of  observations  should 
be  mentioned  in  connection  with  postu- 
lated mode  of  action  of  5-fluorouracil.  It 
is  predicted  that  any  time  a  cell  is  endowed 
with  new  synthetic  ability  (such  as  in 
phage  infection,  transduction,  or  trans- 
formation)   the    capacity    for    expression 
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would  be  dependent  on  the  synthesis  of 
functional  ribosomes  and  thus  should  be 
inhibited  by  fluorouracil.  In  the  one  case 
studied,  that  of  T2  infection  of  E.  coli  B, 
fluorouracil  exerted  a  marked  inhibition 
on  phage  protein  synthesis.  Immunologi- 
cal and  chemical  analysis  suggested  that 
the  analog  actually  inhibited  the  synthesis 
rather  than  causing  the  production  of  ab- 
normal phage  proteins. 
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Fig.  51.  Incorporation  of  S3504  into  TCA- 
precipitable  fraction  of  E.  coli  ML  30  and  E.  coli 
15  T_A_U~  (in  the  presence  of  thymine  and 
arginine,  but  not  uracil)  with  and  without 
fluorouracil. 


The  second  observations  involve  the 
functioning  of  the  70S  particles  in  the  ab- 
sence of  RNA  synthesis.  In  a  uracil-de- 
ficient  mutant  (or  a  purine-requiring  mu- 
tant) there  is  very  little  protein  synthesis 
(although  cells  can  be  induced  to  make  a 
specific  enzyme)  in  the  absence  of  the  re- 
quired metabolite  (fig.  51).  Upon  the  ad- 
dition of  fluorouracil,  extensive  protein  syn- 
thesis commences,  although  there  is  very 
little  concomitant  RNA  synthesis  (fig.  52). 
This  result  would  suggest  that  the  intact 
70S   ribosome   though  necessary   for  pro- 


tein synthesis  is  not  sufficient.  It  has  al- 
ready been  established  (fig.  40  and  Year 
Book  58)  that  the  larger  ribosomes  break 
down  to  smaller  components  (likely  50 
and  30S)  about  10  to  15  times  per  genera- 
tion. The  reassembly  of  these  components, 
dependent  only  on  magnesium  in  vitro, 
may  require  some  additional  RNA  to  be- 
come functional  in  vivo.  Thus,  whereas  a 
small  amount  of  RNA  synthesis  in  these 
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Fig.  52.  Incorporation  of  2-C14-fluorouracil 
into  TCA-precipitable  fraction  of  E.  coli  ML  30 
and  E.  coli  T_A~U~  (in  the  presence  of  thymine 
and  arginine  but  not  uracil). 

mutants  is  due  to  turnover,  additional 
molecules  may  be  required  in  order  that 
the  majority  of  the  70S  particles  continue 
to  function. 

Soluble  RNA 

The  theory  that  soluble  RNA  acts  as  a 
carrier  molecule  in  protein  synthesis  is 
widely  accepted  at  present.  This  concept 
originated  from  studies  of  the  incorpora- 
tion of  radioactive  amino  acids  into  pro- 
teins by  cell-free  systems.  Amino  acids 
linked  to  S-RNA  were  transferred  to  pro- 
tein when  the  S-RNA  was  incubated  with 
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ribosomes.  Accordingly,  it  was  inferred 
that  the  same  process  was  an  essential  step 
in  protein  synthesis  as  it  occurs  in  the 
intact  cell. 

Unfortunately,  even  the  best  cell-free 
preparations  are  capable  of  only  a  very  low 
rate  of  protein  synthesis,  usually  about 
1/1000  the  rate  observed  in  cells.  Hence 
it  is  by  no  means  certain  that  this  residual 


tion  could  not  supply  the  requirements  of 
protein  synthesis  for  more  than  1  second. 

In  addition  there  exists  a  pool  of  free 
amino  acids  in  the  cells  which,  though 
variable,  frequently  contains  20  to  100 
micromoles  of  amino  acids. 

The  problem  is  then  to  distinguish 
among  the  several  possible  roles  of  the 
S-RNA  indicated  in  the  diagram  below. 


External^ 

Amino 

Acids 


Pool  Amino  Acids 


H 


A 


trace  of  synthetic  activity  is  qualitatively 
the  same  as  the  process  that  occurs  in  the 
organized  cell.  Studies  of  the  role  of 
S-RNA  in  intact  cells  must  be  carried  out 
to  verify  the  indications  given  by  the  cell- 
free  systems. 

In  E.  coli,  %  to  Vq  of  the  RNA  is 
soluble,  the  rest  being  associated  with  pro- 
tein to  form  ribosomes.  This  S-RNA  can 
be  distinguished  by  its  sedimentation  prop- 
erties, by  its  composition,  and  by  its  chro- 
matographic behavior  on  DEAE-cellulose 
columns.  It  occurs  in  units  of  approxi- 
mately 100  nucleotides,  and  each  unit  is 
capable  of  complexing  with  one  molecule 
of  an  amino  acid. 

In  relation  to  the  flow  of  amino  acids 
required  to  supply  the  protein  synthesis 
in  a  growing  cell,  the  S-RNA  can  provide 
only  a  very  small  pool.  The  nucleotide 
content  of  S-RNA  is  roughly  100  micro- 
moles  per  gram  dry  weight  of  E.  coli; 
thus  the  maximum  quantity  of  S-RNA- 
amino  acids  would  be  1  micromole  per 
gram.  The  rate  of  increase  of  protein  in 
a  growing  culture  is  2  per  cent  per  100 
seconds,  and  the  amino  acid  content  of 
the  cellular  protein  is  5000  micromoles  per 
gram.  Hence,  the  amino  acid  flow  into 
protein  is  1  micromole  per  second.  Ac- 
cordingly,  the   S-RNA-amino  acid   frac- 


Protein 


B 


In  this  diagram  A  represents  a  mecha- 
nism for  entry  into  the  cell;  B,  a  pool  in 
equilibrium  with  the  free  amino  acid  pool; 
and  C,  a  compulsory  intermediate  of  pro- 
tein synthesis.  Alternative  C  is  the  com- 
monly accepted  role  of  S-RNA.  When  a 
radioactive  amino  acid  is  added  to  the 
medium  (or  diluted  out)  its  incorporation 
into  the  S-RNA  fraction  may  differ,  de- 
pending on  the  position  occupied  by 
S-RNA.  For  example,  if  S-RNA  acts  as 
an  entry  mechanism  (A)  it  will  reach 
its  highest  specific  radioactivity  before  the 
free  amino  acid  pool  does.  On  the  other 
hand,  if  S-RNA  acts  as  precursor  to  pro- 
tein (C),  the  rate  of  incorporation  of  ra- 
dioactive amino  acids  into  protein  must 
at  all  times  be  proportional  to  the  specific 
radioactivity  of  the  S-RNA. 

Experiments  were  carried  out  to  check 
which  of  these  relationships  applied  to 
growing  cells  by  using  S3504=  as  a  tracer. 
This  particular  tracer  is  most  appropriate 
because  pools  of  cystine  and  methionine 
can  be  depleted  by  growing  the  cells  for 
a  short  period  in  a  sulfur-free  medium. 
During  this  period  the  cells  utilized  their 
glutathione  as  a  source  of  sulfur.  S35C>4= 
was  then  added  to  the  medium,  and  sam- 
ples were  taken  to  determine  the  incor- 
poration into  protein  and  the  S-RNA  frac- 
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tion.  At  a  later  time  a  mixture  of  nonra- 
dioactive cystine,  methionine,  and  SC>4= 
was  added  to  dilute  out  the  radioactive 
material.  Figure  53  shows  the  time  course 
of  incorporation  of  S35  into  the  S-RNA 
and  protein  fractions.  The  radioactivity 
of  the  S-RNA  fraction  continued  to  in- 
crease after  the  time  when  the  full  rate 
of  incorporation  into  protein  was  estab- 
lished. Furthermore,  radioactivity  persisted 


S-RNA.  This  fraction  was  obtained  after 
three  extractions  with  cold  TCA  and  one 
extraction  with  80  per  cent  alcohol.  The 
remaining  pellet  was  then  suspended  in 
phenol  and  shaken  with  buffer,  and  the 
aqueous  phase  was  removed  with  a  syr- 
inge. The  phenol  extraction  was  re- 
peated three  times.  Tests  with  uniformly 
labeled  cells  showed  that  less  than  1  part 
per   1000  of  the  protein  remained.    Ap- 
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Fig.  53.  Cells  were  incubated  (35°C)  with  S3504=  after  20  minutes'  growth  in  sulfur-free  me- 
dium. Samples  were  taken  at  the  indicated  intervals  and  poured  into  an  equal  volume  of  cold 
10  per  cent  TCA.  S32-cystine,  S82-methionine,  and  S3204=  were  added  to  the  culture  at  the  same 
time  sample  4  was  poured  into  the  TCA.  The  incorporation  into  protein  was  measured  by  filter- 
ing small  samples  after  extraction  with  hot  5  per  cent  TCA.  The  RNA  fraction  was  purified  as 
described  in  the  text.  The  maximum  quantity  of  S35  found  in  the  S-RNA  fraction  corresponded 
to  2  seconds'  supply  to  the  protein  fraction. 


in  the  S-RNA  fraction  after  incorporation 
into  protein  had  ceased.  Thus,  the  S35 
bound  to  the  S-RNA  cannot  be  in  a  form 
that  is  an  intermediate  precursor  to  pro- 
tein. Instead  it  seems  to  equilibrate  with 
the  pool  as  indicated  in  B  of  the  diagram 
on  page  269. 

Because  this  finding  is  contrary  to  cur- 
rent ideas  of  the  role  of  S-RNA  a  con- 
siderable effort  was  made  to  be  sure  that 
the  S35  of  the  RNA  fraction  was  a  true 
indicator    of    S3'-amino    acids    linked    to 


proximately  equal  quantities  of  sulfur  ra- 
dioactivity were  obtained  by  extraction 
with  hot  TCA  or  M  NaCl.  Chromatog- 
raphy of  the  alcohol-precipitated  nucleic 
acid  on  DEAE-cellulose  showed  S35  in  the 
same  elution  pattern  as  the  nucleic  acid. 

Paper  chromatography  of  the  S-RNA 
fraction  showed  one  unexpected  charac- 
teristic. The  S35  remained  with  the  nucleic 
acid  and  did  not  move  in  a  butanol/ 
formic  acid/water  solvent  unless  the 
S-RNA     was     previously     treated     with 
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NH4OH.  After  this  treatment  only  a  por- 
tion of  the  S35  showed  the  movement 
characteristic  of  methionine.  The  major 
part  migrated  to  the  front.  Acid  hydroly- 
sis of  the  front  material  then  yielded 
methionine.  The  use  of  NH4OH  to  break 
the  linkage  of  methionine  to  RNA  could 
yield  an  amide  of  methionine,  but  this 
would  not  account  for  the  chromatographic 
behavior.  Rather  it  appears  that  there  ex- 
ists a  second  (alkali-stable)  linkage  of 
methionine  to  a  nonpolar  material  (per- 
haps lipide).  The  quantity  of  this  ma- 
terial available  was  too  small  for  identi- 
fication. In  any  event,  the  proportions  of 
S35  in  the  front  component  and  in  free 
methionine  remained  constant  throughout 
the  time  course  of  incorporation;  thus  there 
is  no  indication  of  two  separate  compo- 
nents having  different  kinetics. 

In  another  experiment  the  incorporation 
of  S35  was  stopped  by  chilling  the  cells. 
They  were  then  broken  and  fractionated 
by  centrifugation  before  the  chemical  frac- 
tionation. As  is  shown  in  table  19,  the  non- 
sedimenting  RNA  carried  the  bulk  of  the 
S35  and  had  by  far  the  highest  specific 
radioactivity. 

These  experiments  with  S3504=  as  a 
tracer  indicated  that  the  S3504=  was  rap- 
idly converted  to  cystine  and  methionine, 
and  incorporated  into  protein.  In  addition, 
a  small  portion  of  the  amino  acids  was 
found  linked  to  S-RNA,  but  the  S-RNA- 
amino  acid  complex  did  not  show  the 
kinetic  behavior  of  a  protein  precursor. 
In  many  respects  S3504=  is  an  ideal  tracer, 
but  it  must  pass  through  a  series  of  reac- 
tions before  conversion  to  amino  acids, 
and  these  reactions  might  introduce  un- 
foreseen complications.  Accordingly,  we 
have  attempted  to  use  C14-amino  acids  as 
tracers. 

To  date  these  experiments  have  been 
inconclusive.  It  has  not  been  possible  to 
cause  sufficiently  rapid  changes  in  the  spe- 
cific radioactivity  of  the  free  amino  acid 
pools  to  discriminate  among  the  alterna- 
tive roles  of  the  S-RNA-amino  acid  com- 
plex. Furthermore,  the  yields  of  S-RNA- 


amino  acid  have  been  as  little  as  Vio  of 
those  expected.  At  present  we  believe  that 
further  evidence  is  required  before  the 
role  of  S-RNA  in  the  organization  of  an 
intact  cell  can  be  established.  With  the 
one  amino  acid  that  could  be  measured  ac- 
curately, the  S-RNA  complex  did  not  be- 
have like  a  precursor  of  protein. 

TABLE  19.    Distribution  of  S35  among 
E.  coli  RNA's 

RNA      S35  of     Specific 
Fraction    Component  Content    RNA      Radio- 

activity 


1 

70-85S  ribo- 

somes 

64 

19 

0.3 

2 

20-50S  ribo- 

somes 

25 

15 

0.6 

3 

S-RNA 

10 

64 

6.4 

Cells  were  chilled  after  40  seconds'  incubation 
with  S3504=,  harvested,  washed,  and  broken  in 
the  pressure  cell.  Cell  walls  and  unbroken  cells 
were  sedimented  (40K  5'  P).  Fraction  1  was  a 
40K  30'  P  of  the  40K  5'  SN.  Fraction  2  was  a 
40K  180'  P  of  the  40K  30'  SN.  Fraction  3  was  a 
40K  180'  SN.  RNA  was  purified  from  each  of 
these  fractions,  and  its  relative  quantity  and 
radioactivity  were  measured. 

Studies  with  the  Mutant 
E.  coli  15  T-A-U" 

The  E.  coli  mutant  15  T"A"U"  has  been 
studied  extensively,  because  it  provides 
special  opportunities  to  observe  the  inter- 
relationships among  DNA,  RNA,  and  pro- 
tein synthesis.  These  cells  cannot  synthe- 
size thymine  (T),  uracil  (U),  or  arginine 
(A),  which  are  components  of  DNA, 
RNA,  and  protein,  respectively.  Accord- 
ingly, it  is  possible  to  withhold  one  or  an- 
other of  these  nutrients  and  shut  ofT  the 
synthesis  of  DNA,  RNA,  or  protein  with- 
out any  direct  effect  on  the  other  macro- 
molecules. 

Cohen  found  that  thymine-requiring 
cells  lose  their  viability  when  incubated 
without  thymine.  He  attributed  this  "thy- 
mineless  death"  to  unbalanced  growth. 
Maal0e  and  Hannawalt  found  the  same 
"thymineless  death"  when  the  15  T~A~U~ 
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cells  were  deprived  of  all  three  require- 
ments, so  that  no  growth  was  possible. 
They  also  found  that  preincubation  with 
thymine  alone  (  +  T  — A  — U)  protected 
the  cells  from  "thymineless  death"  in 
subsequent  incubation  without  thymine 
(-T-A-U). 

hac\  of  DNA  synthesis.  When  a  cul- 
ture growing  exponentially  in  a  medium 
containing  T,  A,  and  U  is  washed  and  re- 
suspended  in  a  medium  lacking  thymine 
(  —  T+A+U),  growth  continues  without 
concurrent  DNA  synthesis.  Division  is 
inhibited  immediately,  and  the  cells  be- 
come enlarged.  Figure  54,  upper,  shows  a 
gradual  loss  of  the  capacity  to  synthesize 
protein  as  indicated  by  incorporation  of 
S35.  The  capacity  to  form  3-galactosidase 
is  lost  abruptly  after  50  minutes'  incuba- 
tion, at  a  time  when  synthesis  of  protein 
is  still  continuing  at  a  moderate  rate  (fig. 
54,  lower) . 

During  this  experiment  6  larger  samples 
were  taken  between  10  and  85  minutes 
after  the  removal  of  the  thymine,  each 
sample  being  given  5  minutes'  exposure 
to  S35.  They  were  then  fractionated  and 
analyzed  on  DEAE  columns.  The  dis- 
tribution of  S35  among  the  soluble  proteins 
remained  essentially  unchanged,  but  the 
proportion  of  S35  correlated  with  the  nu- 
cleoprotein  peak  was  drastically  reduced 
in  successive  samples.  During  the  85  min- 
utes the  ultraviolet  absorption  of  the  ribo- 
some  pellet  doubled,  indicating,  as  did 
the  incorporation  of  S35,  that  ribosomes 
were  synthesized  although  the  rate  of 
synthesis  decreased.  The  analytical  ultra- 
centrifuge  showed  a  progressive  shift  in 
the  proportions  of  the  70  and  85S  peaks 
and  the  appearance  of  a  new  particle 
group  (~45S)(fig.  55,  pi.  8).  The  ca- 
pacity to  resume  DNA  synthesis  when  thy- 
mine was  restored  after  various  periods  of 
deprivation  showed  little  change  (fig.  56) . 

The  capacity  to  incorporate  S35  into  pro- 
tein is  drastically  reduced  and  the  capacity 
to  form  3-galactosidase  is  lost  when  the 
cells  are  incubated  for  90  minutes  without 
any  of  the  three  nutrients  (  — T  — A  — U). 


In  contrast,  the  capacity  to  incorporate  C14- 
uracil  and  C14-thymine  is  much  less  af- 
fected (fig.  57).  The  ribosome  pattern 
developed  no  unusual  features  during  this 
incubation.  The  capacity  to  synthesize 
protein  suffers  from  the  simple  absence  of 
thymine  whether  or  not  arginine  and  ura- 
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Fig.  54.  Sulfur  incorporation  and  enzyme  in- 
duction during  growth  without  thymine.  S3504= 
and  inducer  added  at  times  indicated  by  arrows. 
Induced  enzyme  synthesis  stops  at  50  minutes, 
but  S3504=  incorporation  continues  at  reduced 
rate. 

cil  are  present.  Hence,  the  effect  seems  to 
be  due  to  abnormalities  that  develop  in 
the  DNA  rather  than  to  unbalanced 
growth. 

DNA  synthesis  without  RNA  or  pro- 
tein synthesis.  DNA  synthesis  without 
concurrent  RNA  and  protein  synthesis  can 
be  obtained  by  incubating  the  cells  with 
thymine  (  +  T  — A— U).   DNA  synthesis 
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Fig.  56.     The  capacity  to  incorporate  thymine  is  little  changed  after  growth   without  thymine. 
Cells  preincubated  +T  —  A  —  U  are  not  subject  to  this  reduction. 


and  cell  division  continue  until  the  num- 
ber of  cells  and  the  quantity  of  DNA  have 
increased  about  50  per  cent  (fig.  58).  Af- 
ter 90  minutes'  incubation  the  cells  are 
quite  uniformly  small  and  appear  to  have 
only  one  nucleus.  The  ribosome  pattern 
shows  a  high  proportion  of  85S  particles 
(fig.  61,  pi.  9) .  Cells  in  this  condition  are 
designated  "thymine  saturated." 


Incubation  without  arginine  or  without 
uracil  (  +  T-A+U  or  +T  +  A-U) 
gives  much  the  same  result  as  incubation 
with  thymine  alone  (  +  T  — A— U).  Dur- 
ing the  90-minute  period  there  is  a  slightly 
greater  increase  in  optical  density,  but  the 
incorporation  of  C14-thymine  follows  the 
same  time  course.  Incubation  without 
uracil    (  +  T  +  A  — U)    causes    an    almost 
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Fig.  57.  Cells  incubated  90  minutes  +T-A-U  or  — T  — A  — U,  washed,  and  resuspended  in 
complete  medium  with  inducer.  DNA,  RNA,  and  protein  synthesis  measured  by  incorporation 
of  C14-thymine  (T),  C14-uracil  (U),  or  S3504  (S).  (3-Galactosidase  activity  (E).  Note  loss  of  ca- 
pacity to  synthesize  protein  after  incubation   —  T  — A-fU. 
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complete  removal  of  the  70S  ribosome  peak 
and  a  corresponding  increase  in  the  85S 
peak,  leading  to  a  pattern  quite  similar  to 
that  observed  in  cells  incubated  without 
energy  source. 

T  hy  mine-saturated  cells.  The  proper- 
ties of  these  thymine-saturated  cells  are 
different  from  those  of  an  exponentially 
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We  fully  agree  with  the  hypothesis  of 
Maal0e  and  Hannawalt  that  the  duplica- 
tion of  DNA,  once  initiated,  can  go  to 
completion  without  further  RNA  or  pro- 
tein synthesis,  but  that  synthesis  of  RNA 
and  protein  is  required  to  permit  nuclear 
division  and  further  DNA  synthesis.  These 
thymine-saturated  cells  then  may  well  be 
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Fig.  58.    The  DNA  content  and  the  number  of  viable  cells  increase  ~50  per  cent  during  growth 

+  T-A-U. 


growing  culture.  Maal0e  and  Hannawalt 
found  that  they  are  not  subject  to  loss  of 
viability  when  incubated  in  unsupple- 
mented  medium  (— T  — A  — U).  Our  ob- 
servations are  in  agreement  with  this  find- 
ing. Furthermore,  such  an  incubation  does 
not  bring  about  any  loss  of  synthetic  ca- 
pacities; the  cells  are  capable  of  resuming 
the  synthesis  of  protein,  RNA,  and  DNA 
when  the  nutrients  are  restored.  These 
results  indicate  that  the  thymine-saturated 
cells  are  unusually  stable. 


quite  uniform  in  their  nuclear  configura- 
tion as  the  culture  has  progressed  from  a 
randomly  phased  condition  to  a  definite 
stopping  point.  It  seems  logical  to  picture 
this  configuration  as  four-stranded  if  the 
original  two-stranded  DNA  molecules 
have  duplicated  but  the  nuclei  have  not 
yet  divided. 

The  cytoplasm  of  these  cells  would  not 
be  expected  to  show  any  such  uniformity. 
In  some  cells  DNA  synthesis  would  con- 
tinue for  some  time  after  the  synthesis  of 
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cytoplasmic  constituents  was  halted;  in 
others  the  DNA  synthesis  would  terminate 
much  earlier.  Thus,  there  might  be  a  two- 
fold variability  in  the  DNA/RNA  ratio 
from  one  extreme  to  the  other. 

Enzyme  Induction  in  T hy mine-Saturated 

Cells 

The  thymine-saturated  cells  show  an- 
other unusual  feature.  When  uracil  and 
arginine  are  restored,  protein  synthesis  and 
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The  energy  and  material  required  for 
synthesis  of  the  induced  enzyme  are  avail- 
able in  the  cell,  as  other  proteins  are  syn- 
thesized at  full  rate  immediately.  Chroma- 
tography on  DEAE-cellulose  of  the  pro- 
teins labeled  with  S35  during  the  first  3 
minutes  after  restoring  arginine  and  uracil 
(a  period  when  there  is  no  response  to  the 
inducer)  showed  a  normal  distribution  of 
the  label  among  the  various  classes  of  pro- 
tein separated  by  the  DEAE-cellulose.  The 
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Fig.  59.     Thymine-saturated  cells  show  prompt   initiation  of  protein  and  RNA  synthesis  when 
A  and  U  are  restored  to  the  medium.    The  incorporation  of  thymine  shows  a  delay. 


RNA  synthesis  begin  promptly  (fig.  59). 
In  contrast  the  synthesis  of  DNA  (fig.  59) 
and  the  synthesis  of  an  induced  enzyme 
(fig.  60)  require  several  minutes  before  the 
full  rate  is  achieved.  The  capacity  to  re- 
spond to  the  inducer  develops  in  these  cells 
whether  or  not  the  inducer  is  present.  Fur- 
thermore, it  develops  at  the  same  time  as 
the  capacity  to  synthesize  DNA.  Thus 
there  seems  to  be  a  correlation  between 
the  state  of  the  nucleus  and  the  ability  to 
respond  to  an  inducer.  Since  the  correla- 
tion might  be  fortuitous  we  have  at- 
tempted to  find  other  explanations  for  the 
delay  in  response  to  the  inducer. 


incorporation  of  S35  into  TCA-precipitable 
material  therefore  measures  synthesis  of 
a  wide  range  of  proteins  and  not  an  ab- 
normal synthesis  of  a  few  proteins  or  poly- 
peptides. 

A  reduced  rate  of  entry  of  the  inducer 
cannot  be  the  cause  of  the  low  initial  rate. 
No  change  in  the  rate  was  caused  by  add- 
ing the  inducer  20  minutes  before  the 
arginine  and  uracil  or  by  adding  inducer 
at  100  times  the  usual  concentration.  (This 
concentration,  10~2  M  of  IPTG,  is  sufficient 
to  induce  the  cryptic  mutant.) 

There  seems  to  be  no  reason  to  attribute 
the  delay  to  abnormalities  in  the  ribosomes 
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Fig.  60.  Thymine-saturated  cells  show  a  de- 
lay in  enzyme  induction.  The  capacity  to  respond 
to  the  inducer  develops  equally  when  the  inducer 
is  not  present. 


or  in  the  synthesis  of  ribosomes.  During 
the  period  of  thymine  accumulation  there 
is  a  change  in  the  distribution  of  ribo- 
somes. The  pattern  then  reverts  to  the 
normal  pattern  of  a  growing  cell  during 
the  first  few  minutes  after  arginine  and 
uracil  are  restored  (fig.  61,  pi.  9).  How- 
ever, energy  starvation  produces  a  more 
extreme  alteration  in  the  ribosome  pattern, 
but  there  it  causes  no  delay  in  the  induc- 
tion of  enzyme.  Furthermore,  the  ribo- 
some pattern  reverts  to  normal  in  20  min- 
utes when  5-fluorouracil  is  added  in  place 
of  uracil  (fig.  62,  pi.  10) .  The  usual  delay 
in  enzyme  induction  and  in  thymine  in- 
corporation is  then  observed  when  uracil 
is  added  to  reverse  the  effects  of  the  5-fluo- 
rouracil (fig.  63).  Evidently,  the  material 
synthesized  in  the  presence  of  5-fluoroura- 
cil is  capable  of  restoring  the  ribosome  pat- 
tern but  is  not  adequate  to  allow  prompt 
synthesis  of  DNA  or  induced  enzymes. 

The  distribution  of  C14-uracil  among 
the  various  classes  of  ribosomes  also  ap- 
peared quite  normal  when  the  incorpora- 


40  - 


5 
O 


30 


C 

o 
o 

<D 

J" 


c 

O 

o 
c 

c 
o 


2 

o 

9-    20 

o 
o 
c 

a> 

c 


10 


' 

- 

- 

A  / 

- 

; 

&y 

i    i    i 

1           1 

i 

20 


30 


40 


50 


60 


70 


20  30  40  50  60 


Minutes 


Fig.  63.  Cells  incubated  90  minutes  +T  —  A  —  U,  washed,  and  resuspended.  Culture  A:  in- 
cubated 20  minutes  —  T  +  A  +  U;  inducer,  C14-thymine  and  FU  added  at  20  minutes.  Culture  B: 
incubated  20  minutes  —  T  +  A  — U  +  FU;  inducer,  C14-thymine  and  U  added  at  20  minutes.  Cul- 
ture A  shows  little  lag  in  DNA  or  enzyme  synthesis  whereas  culture  B  shows  usual  lag. 
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tion  occurred  during  the  first  7  minutes 
after  arginine  and  uracil  were  restored. 

In  addition,  the  ribosomes  needed  for  the 
synthesis  of  (3-galactosidase  appear  to  be 
present  and  active  even  at  the  early  period, 
as  there  is  no  lag  in  the  synthesis  of  en- 
zyme at  the  uninduced  rate.  DNA  syn- 
thesis is  not  required  for  enzyme  induction 
(or  other  synthesis),  as  the  same  initial 
rate  of  induced  enzyme  synthesis  occurs 
whether  or  not  thymine  is  present. 

The  delay  in  enzyme  induction  might 
be  attributed  to  the  accumulation  of  a  re- 
pressor. This  view  is  difficult  to  prove  or 
disprove  by  any  experiment,  but  it  seems 
highly  unlikely  that  a  repressor  of  one 
particular  enzyme  would  cause  the  same 
delay  in  DNA  synthesis. 

The  most  obvious  conclusion  is  that  the 
induction  of  enzyme  synthesis  can  occur 
only  when  the  cells  are  in  a  condition  that 
also  allows  DNA  synthesis.  Thus  the  proc- 
ess of  induction  may  be  the  result  of  an 
association  of  ribosomes  with  the  nucleus. 
The  exact  nature  of  this  association  cannot 
be  visualized  at  present,  but  it  might  be 
one  permitting  the  ribosome  to  assume  a 
configuration  more  favorable  for  protein 
synthesis. 

Discussion 

Modern  biology  is  rapidly  accumulating 
a  mass  of  facts  which  make  inadequate 
earlier  theories  of  the  molecular  basis  for 
the  determination  of  protein  structure.  In- 
deed, these  facts  are  beginning  to  give  rise 
to  serious  conceptual  difficulties.  For  some 
time  it  has  been  believed  that  the  sequence 
of  bases  in  DNA  determines  the  sequence 
of  bases  in  RNA,  and  that  RNA  in  turn 
determines  the  highly  specific  order  of 
amino  acids  in  the  polypeptide  strands  of 
protein  molecules.  Two  codes  must  exist: 
one  that  directs  the  synthesis  of  RNA  ac- 
cording to  the  information  of  DNA,  and 
another  that  translates  the  sequence  of 
RNA  bases  into  a  sequence  of  amino  acids. 
These  coding  relationships  would  be  de- 
termined by  the  structure  of  the  molecules 
and  so  should  be  shared  by  all  species. 


Accordingly,  a  definite  relationship  would 
be  expected  between  the  composition  of 
the  DNA  and  the  composition  of  the  pro- 
teins. Although  proteins  of  radically  dif- 
ferent amino  acid  composition  are  known, 
most  proteins  show  similar  frequencies  of 
amino  acids,  and  the  similarities  are  even 
closer  when  the  average  amino  acid  com- 
positions of  different  species  are  compared. 
It  is,  therefore,  disconcerting  to  find  wide 
variations  in  DNA  composition  from  one 
species  of  microorganism  to  another. 

Furthermore,  there  is  much  less  varia- 
tion in  the  RNA  of  different  species  than 
in  the  DNA.  The  DNA  always  contains 
equal  quantities  of  purines  and  pyrimi- 
dines,  whereas  the  RNA  of  the  ribosomes 
has  an  excess  of  purines.  A  major  issue  at 
present  is  whether  there  is  any  functional 
relation  at  all  between  DNA  and  RNA. 
The  requirement  for  RNA  or  nucleopro- 
tein  synthesis  after  phage  infection  plus 
the  unique  composition  of  some  of  this 
RNA  would  suggest  an  information-bear- 
ing role  for  ribosomes  in  protein  synthesis. 
It  seems  more  plausible  that  there  is  a 
simple  relationship  between  the  informa- 
tion-bearing components  of  DNA  and  the 
information-transmitting  parts  of  RNA 
which  is  unrecognized  or  obscured  by  the 
presence  of  extraneous  material. 

At  present  it  is  not  possible  to  estimate 
how  much  of  the  DNA  might  have  no 
direct  role  in  protein  synthesis.  E.  coli 
contains  9  X 106  nucleotide  pairs  in  its 
DNA,  of  which  perhaps  a  third  are  new 
DNA  in  the  process  of  duplication.  There- 
fore 6  X  106  pairs  is  the  maximum  that  can 
carry  information.  The  theoretical  mini- 
mum number  of  pairs  to  specify  an  amino 
acid  is  3,  and  present  experiments  indicate 
that  6  pairs  may  be  required.  Thus  the  en- 
tire DNA  complement  of  a  cell  of  E.  coli 
could  specify  1-2  XlO6  amino  acids.  As 
the  cell  contains  1000  to  2000  different 
types  of  protein,  the  total  DNA  is  just 
sufficient  if  each  protein  requires  the  speci- 
fication of  1000  amino  acids  (to  give  a 
molecular  weight  of  100,000).  On  the 
other  hand,  if  the  different  proteins  turn 
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out  to  be  assembled  from  a  few  hundred 
different  types  of  polypeptide  chains  each 
of  100  amino  acids,  then  the  DNA  would 
be  greatly  in  excess  of  the  requirement. 

Alternatively,  a  large  part  of  the  ribo- 
somal  RNA  might  have  no  direct  role  in 
protein  synthesis.  The  70S  particles  active 
in  synthesizing  protein  contain  6X  103  nu- 
cleotides. Thus  they  could  specify,  as  a 
maximum,  a  polypeptide  chain  of  1000  to 
2000  amino  acids.  If  the  product  is  in  fact 
this  large,  the  ribosomes  must  be  entirely 
functional.  If  the  product  is  a  shorter 
chain  of  100  to  200  amino  acids,  the  ribo- 
some  RNA  could  be  largely  a  structural 
element. 

The  idea  that  a  large  part  of  the  nucleic 
acid  is  nonfunctional  is  repugnant.  It 
seems  unlikely  that  such  an  inefficient 
mechanism  would  have  survived  through 
evolution,  although  it  must  be  remem- 
bered that  enzyme  molecules  are  very 
large  in  comparison  with  their  active  cen- 
ters. A  more  likely  possibility  is  that  the 
true  nature  of  the  information  transfer 
from  template  to  template  has  still  eluded 
us.  If  6  nucleotides  are  in  fact  used  to 
specify  an  amino  acid,  many  more  com- 
binations would  be  possible  (46;=4096) 
than  there  are  amino  acids  to  specify.  A 
large  number  of  different  combinations 
might  furnish  specific  sites  for  the  same 
amino  acid  even  though  composed  of  quite 
different  bases. 

This  concept  would  be  more  useful  if 
the  compositional  variations  occurred  in 
the  RNA  rather  than  in  the  DNA,  as  it 
would  allow  RNA  of  different  base  com- 
positions to  specify  the  same  amino  acids. 
Alternatively,  it  might  be  applicable  if  the 
DNA  directly  specified  the  order  of  the 
amino  acids.  It  is  much  more  difficult  to 
imagine  how  the  different  DNA's  could 
act  as  templates  for  the  similar  RNA's. 
This  is  the  problem  that  can  be  avoided 
most  easily  by  considering  a  large  part  of 
the  DNA  to  be  junk. 

These  major  and  well  known  problems 
have  guided  the  course  of  our  work  during 
the  year.   They  have  led  us  to  attempt  to 


isolate  fractions  of  the  ribosomal  RNA 
that  might  resemble  DNA  in  composition. 
They  have  led  us  to  try  to  discern  a  role 
for  DNA  in  the  synthesis  of  ribosomes.  As 
might  be  expected,  only  a  few  uncertain 
clues  have  been  uncovered. 

One  of  these  is  in  the  homogeneous- 
heterogeneous  structure  of  the  ribosomes. 
Although  the  ribosomal  RNA's  have  been 
broken  down  into  small  fragments  of 
about  4S,  no  distinctly  different  classes  of 
fragments  have  been  found.  Had  these 
fragments  been  of  two  classes,  one  similar 
to  the  DNA  and  another  which  accounted 
for  the  purine  excess,  the  two  classes 
should  have  been  observed.  Instead  it  ap- 
pears that  there  is  no  great  spread  in  the 
composition  of  the  fragments.  On  the 
other  hand,  were  the  fragments  identical 
in  sequence,  the  number  of  different  oligo- 
nucleotides produced  by  RNAase  digestion 
would  have  been  much  smaller  than  was 
observed.  Furthermore,  the  identification 
of  a  number  of  enzymes  in  the  structure 
of  the  ribosomes  makes  it  unlikely  that 
only  a  few  identical  ribosomes  exist  in 
each  cell. 

The  many  difficulties  encountered  in  at- 
tempting to  envision  the  transfer  of  in- 
formation from  DNA  to  protein  via  the 
RNA  of  ribosomes  encourage  considera- 
tion of  other,  less  conventional  mecha- 
nisms. 

The  experiments  reported  above  suggest 
(1)  that  the  ribosomes  are  built  up  by  the 
aggregation  of  small  units  of  RNA  to- 
gether with  protein,  (2)  that  some  of  this 
protein  is  similar  to  the  soluble  proteins. 
Other  work  has  indicated  that  the  early 
steps,  at  least,  of  ribosome  synthesis  occur 
in  the  nucleus.  Thus  it  seems  possible  that 
information  is  transferred  directly  from 
DNA  to  protein  during  ribosome  synthe- 
sis, and  that  it  is  protein  rather  than  RNA 
alone  that  specifies  the  amino  acid  se- 
quence when  protein  is  synthesized  by 
ribosomes.  The  only  direct  evidence  for 
the  transfer  of  information  from  RNA  to 
protein  comes  from  studies  of  RNA  vi- 
ruses. Their  behavior  might,  however,  be 
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more  similar  to  that  of  the  DNA  viruses 
than  to  that  of  the  ribosomes. 

If  it  is  the  RNA  of  the  ribosomes  that 
determines  the  sequence  of  amino  acids, 
it  is  necessary  to  visualize  a  structure  of 
the  ribosome  that  would  permit  the  RNA 
to  act  as  a  template.  As  the  RNA  is  built 
up  from  small  units,  which  could  not  carry 
the  information  for  a  complete  polypeptide 
strand,  the  units  must  be  assembled  in  a 
correct  spatial  configuration.  Assuming 
that  the  units  contain  roughly  100  nucleo- 
tides and  that  6  nucleotides  are  needed  to 
specify  one  amino  acid,  each  unit  could 
act  as  template  for  only  16  amino  acids. 
Six  such  units  would  be  needed  to  specify 
a  polypeptide  of  100  amino  acids.  Were 
these  units  joined  end  to  end  and  ex- 
tended, the  total  length  would  greatly  ex- 
ceed the  length  of  the  finished  poly- 
peptide, and  it  is  difficult  to  visualize  how 
the  peptide  bonds  could  be  formed  be- 
tween amino  acids  relatively  far  apart.  It 
seems  equally  difficult  to  imagine  a  close- 
spaced  series  of  loops  in  the  RNA  which 
might  act  as  specific  sites  for  amino  acids. 
But  it  is  possible  that  the  6  units  assume 
a  parallel  configuration;  then  part  of  the 
site  for  each  amino  acid  would  come  from 
each  of  the  6  strands. 

It  seems  clear  from  genetic  studies  in 
bacteria  that  mutations  affecting  a  single 
protein  are  grouped  in  a  small  region  of 
the  chromosome.  Thus  the  6  RNA  strands 
would  presumably  be  assembled  in  close 
proximity.  However,  it  might  be  possible 
that  one  or  more  of  the  RNA  units  might 
be  used  in  more  than  one  type  of  ribo- 
some, and  mutations  affecting  that  strand 
might  affect  more  than  one  enzyme.  Also 
it  might  be  possible  that  mutations  of  the 
DNA  as  much  as  500  nucleotides  apart 
might  affect  the  same  amino  acid  of  a 
protein.  In  any  event,  the  maturation 
process,  which  is  an  easily  observed  feature 
of  ribosome  synthesis,  may  well  be  the 
process  in  which  the  individual  units  of 
RNA  assume  the  proper  configuration  to 
permit  synthesis  of  protein. 

Questions  also  arise  as  to  what  structural 


features  of  the  DNA  might  interrupt 
RNA  synthesis  at  regular  intervals  of  100 
nucleotides.  Does  this  distance  along  the 
DNA  correspond  to  one  turn  of  DNA  in 
a  tertiary  coiled  structure  ?  Is  an  important 
factor  in  the  problem  of  the  DNA,  RNA, 
protein  interrelationships  to  be  found  at 
the  level  of  tertiary  structure  rather  than 
solely  in  the  primary  structures  ?  The  year's 
work  has  emphasized  again  that  the  or- 
ganization of  the  cell  and  its  nucleus  is  of 
primary  importance  to  macromolecular 
synthesis.  Exclusive  use  of  cell-free  sys- 
tems might  fail  to  show  the  true  com- 
plexity of  living  processes. 

From  these  speculations  it  should  be 
clear  that  there  are  enough  unanswered 
questions  to  assure  another  year's  work  for 
the  Biophysics  Section. 

Cooperative  Work 

The  Biophysics  Section  has  continued  its 
association  with  the  work  of  Drs.  L.  and 
J.  B.  Flexner  (University  of  Pennsylvania) 
on  the  development  of  the  brain.  In  addi- 
tion a  number  of  experiments  have  been 
carried  out  with  Dr.  S.  Spiegelman  of  the 
University  of  Illinois,  who  participated 
fully  in  the  studies  of  the  3-galactosidase 
associated  with  ribosomes.  We  also  wish 
to  thank  Drs.  B.  Ames,  C.  Anfinsen,  S. 
Bernhardt,  W.  Dreyer,  H.  Eagle,  R.  Hend- 
ler,  E.  Kempner,  H.  Sober,  and  G.  Tom- 
kins  of  the  National  Institutes  of  Health, 
and  Dr.  F.  T.  McClure  and  Dr.  C.  A. 
Thomas  of  the  Johns  Hopkins  University, 
for  discussion,  suggestions,  advice,  and  use 
of  equipment. 

Dr.  R.  J.  Britten,  of  this  section,  spent 
the  year  in  Copenhagen,  studying  RNA 
synthesis  in  Tetrahymena.  His  report  fol- 
lows. 

Studies  with  Tetrahymena 1 

The  central  problem  in  studies  of  macro- 
molecular    biosynthesis    may    be    briefly 

1  This  work  was  performed  during  a  year's 
visit  to  the  Carlsberg  Laboratory  and  the  Uni- 
versity  Institute   of  Microbiology,  Copenhagen, 
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phrased  in  the  following  questions.  Does 
the  information  stored  in  the  DNA  of  the 
cell  specify  all  the  properties  of  the  macro- 
molecules?  If  so,  by  what  mechanism  is 
the  information  made  available  at  the 
actual  sites  of  synthesis?  With  the  dem- 
onstration that  the  synthesis  of  protein 
molecules  is  carried  out  on  the  ribosomes 
it  seems  more  likely  than  ever  that  RNA 
is  an  intermediate  in  the  information 
transfer.  If  this  is  so,  at  least  some  frac- 
tion of  the  RNA  must  be  synthesized  in 
association  with  DNA.  The  successful  ob- 
servation of  nascent  (newly  synthesized) 
protein  associated  with  the  ribosomes  sug- 
gests that  a  search  for  nascent  RNA  in 
association  with  DNA  might  be  fruitful. 
If  this  hypothetical  nascent  RNA  could 
be  observed  and  identified  with  ribosomal 
RNA  or  some  other  type  of  RNA,  models 
of  the  process  of  information  transfer 
could  be  constructed  on  a  sound  experi- 
mental basis. 

There  are  no  adequate  guides  for  a 
search  for  nascent  RNA.  The  type  of  as- 
sociation with  the  DNA,  the  amount  of 
the  complex,  and  its  stability  during  ex- 
traction procedures  cannot  be  predicted. 
It  would  appear  necessary,  however,  to 
work  with  the  mildest  possible  methods 
of  extraction  and  separation  of  the  cellu- 
lar RNA  and  DNA.  Unfortunately,  all 
cells  contain  both  DNAase  and  RNAase. 
Further,  in  bacteria  the  condition  for  in- 
activation  of  the  DNAase  by  removal  of 
Mg++  ions  is  precisely  the  condition  for  the 
activation  of  the  latent  RNAase  of  the 
ribosomes.  Exhaustive  attempts  to  solve 
this  bacteria  problem  have  not  yet  been 
carried  out.  Nevertheless,  it  appeared  at- 
tractive to  study  an  organism  in  which 
the  nucleus  might  be  separated  from  the 
remainder  of  the  cell  as  the  first  step  in  the 
analysis. 

Initial  examination  of  Tetrahymena  in- 
dicated that  it  might  be  possible  to  pre- 

Denmark.  The  author  (R.  J.  B.)  wishes  to  ex- 
press his  appreciation  to  Professor  Heinz  Holter 
and  Professor  Ole  Maal0e  for  generous  hospi- 
tality and  valuable  discussion. 


pare  the  large  (10-micron-diameter)  mac- 
ronuclei  in  good  yield.  The  possibility  of 
studying  the  kinetics  of  RNA  synthesis  in 
the  nucleus  was  also  tempting,  as  a  first 
step,  even  though  such  results  would  not 
directly  answer  the  question  at  hand. 

Relatively  pure  preparations  of  nuclei 
in  good  yield  have  been  obtained,  but  the 
procedures  are  not  yet  sufficiently  repro- 
ducible for  the  studies  of  the  kinetics  of 
RNA  synthesis.  However,  these  studies 
have  led  to  a  simple  salt  extraction  method 
for  the  preparation  of  ribonucleoprotein 
particles  and  DNA  under  conditions  in 
which  neither  of  the  nuclease  activities  is 
evident. 

Preliminary  tracer  studies  by  this  method 
have  not  given  any  evidence  of  nascent 
RNA  in  association  with  the  DNA.  How- 
ever, the  labeling  time  used  was  fairly  long 
(1  per  cent  of  the  generation  time).  The 
DNA  content  of  Tetrahymena  is  only  5 
per  cent  of  its  RNA  content,  and  it  can 
hardly  be  presumed  that  a  very  large  frac- 
tion of  the  DNA  would  at  any  time  have 
the  hypothetical  nascent  RNA  in  associa- 
tion with  it.  As  a  result  very  much  shorter 
labeling  times  will  have  to  be  used  to  make 
an  adequate  test  of  the  method. 

Description  of  Tetrahymena.  Tetrahy- 
mena pyriformis  is  a  holotrichous  pyriform 
ciliate  with  dimensions  of  about  50  by 
30  microns.  Its  nuclear  components  con- 
sist of  an  approximately  spherical  macro- 
nucleus  of  about  10-micron  diameter,  mak- 
ing up  roughly  3  per  cent  of  the  cell  mass, 
and  a  micronucleus  of  about  1-  to  2-micron 
diameter.  The  macronucleus  is  indispensa- 
ble and  is  presumably  concerned  with 
metabolic  processes.  The  micronucleus  is 
involved  in  sexual  processes  and  is  absent 
in  some  naturally  occurring  strains,  which 
do  not  undergo  a  sexual  cycle.  The  micro- 
nucleus  is  not  observable  in  the  strain 
(GL)  used  in  this  work.  In  the  absence 
of  sexual  processes  the  macronucleus  ap- 
pears simply  to  divide  at  or  near  the  time 
of  cell  division.  Chromosomal  bodies  have 
never  been  observed  in  the  macronucleus 
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or  in  strains  in  which  the  micronucleus  is 
absent. 

In  its  natural  fresh-water  habitat  Tetra- 
hymena  is  a  bacteria  feeder,  but  it  can 
be  grown  on  a  chemically  defined  me- 
dium containing  eleven  amino  acids,  nine 
growth  factors,  and  two  nucleic  acid  bases 
(guanine  and  uracil).  This  medium  is 
complex  but  not  unmanageably  so,  and 
exponential  growth  with  a  generation  time 
of  8  to  10  hours  can  be  maintained.  The 
organism  is  quite  suitable  for  tracer  ex- 
periments since  it  will  incorporate  uracil 
into  RNA  (and  presumably  also  into 
DNA  after  conversion  to  cytosine),  thy- 
mine specifically  into  DNA,  and  amino 
acids  into  protein.  For  most  of  this  work 
the  cells  were  grown  in  0.2  per  cent  pep- 
tone, 0.02  per  cent  liver  extract  with  a  gen- 
eration time  of  about  7  hours.  At  this 
concentration  of  peptone  they  will  grow 
exponentially  to  better  than  0.1  mg  dry 
material  per  milliliter.  In  growing  to  this 
density  they  take  up  20  per  cent  of  the 
uracil  and  3  per  cent  of  the  thymine  pres- 
ent in  the  peptone  medium.  The  pool  of 
uracil  in  cells  growing  in  this  medium  is 
not  large,  and  the  rate  of  uptake  of  C14- 
uracil  reaches  its  final  value  after  about  10 
minutes  (2  per  cent  of  the  generation 
time).  Orthophosphate  is  not  a  suitable 
tracer  for  pulse  experiments  since  there  is 
a  delay  of  several  hours  before  the  rate  of 
incorporation  reaches  its  final  value. 

The  organism  is  quite  fragile  in  com- 
parison with  most  bacteria.  Though  this 
is  a  disadvantage  in  washing  and  harvest- 
ing, it  may  be  of  considerable  advantage  in 
cellular  fractionation  since  the  vigorous 
breakage  methods  used  for  E.  coli  may 
be  avoided.  However,  when  the  cells  are 
lightly  broken  (for  example,  by  pipetting 
through  a  fine  orifice)  the  ribosomes  do 
not  go  into  solution.  There  are  distinct 
possibilities  for  the  study  of  aspects  of  the 
organization  and  synthesis  of  the  ribo- 
somes which  are  not  accessible  in  bacteria. 
Electron  microscopy  indicates  that  Tetra- 
hymena  contains  an  endoplasmic  reticu- 
lum.  Tetrahymena  has  many  similarities, 


both  in  organization  and  in  biochemistry, 
to  higher  animal  cells,  and  it  can  be  grown 
conveniently  on  simple  media. 

Preparation  of  Tetrahymena  nuclei. 
The  relatively  large  size  of  the  macro- 
nucleus  and  its  spherical  shape  with  a 
somewhat  granular  surface  make  it  easily 
recognizable  in  phase  microscopy  of  bro- 
ken cell  preparations.  For  most  of  this 
work,  however,  the  cells  were  stained  with 
acridine  orange,  and  the  preparations  were 
examined  under  a  fluorescence  microscope. 
Tetrahymena  can  be  stained  in  suspension 
in  its  growth  medium  without  preliminary 
fixation,  and  lightly  stained  individuals 
will  survive  for  very  long  periods  of  time. 
Over  a  wide  range  of  acridine  orange  con- 
centrations (10~6  to  10"3  g/ml)  the  nucleus 
shows  a  bright  greenish  white  fluorescence. 
At  very  high  concentrations  it  finally  turns 
orange.  The  cytoplasm  exhibits  a  large 
number  of  bright  orange  (RNA-contain- 
ing)  granules  whose  intensity  of  fluores- 
cence and  apparent  number  increase  with 
the  degree  of  staining.  The  stained  nuclei 
may  be  easily  examined  under  the  fluores- 
cence microscope  for  size,  degree  of  ap- 
parent damage,  and  adhering  orange  cyto- 
plasmic fragments. 

Up  to  this  time  it  has  not  been  possible 
to  obtain  good  yields  of  nuclei  from  un- 
stained cells.  Apparently  the  requirements 
are  very  critical  for  preservation  of  the 
nuclei  of  broken  cells.  But  nuclei  that 
have  been  stained  with  acridine  orange 
(from  cells  stained  for  a  few  minutes  in 
1/10,000  acridine  orange  in  0.2  per  cent 
peptone)  have  lost  their  extreme  fragility 
and  can  be  handled  in  a  variety  of  solu- 
tions (even  in  distilled  water) .  The  Tetra- 
hymena individuals  themselves,  stained  in 
the  above  fashion,  however,  become  quite 
fragile  and  some  are  broken  simply  by 
centrifugation  at  5000  rpm,  particularly  if 
the  culture  has  exceeded  the  limiting  den- 
sity for  exponential  growth.  Variability  is 
observed  in  the  fragility  and  degree  of 
staining  from  day  to  day,  depending  ap- 
parently on  the  exact  state  of  the  cells; 
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nevertheless,  individual  preparations  are 
quite  uniform. 

Of  the  various  means  tried  for  breaking 
the  cells  without  excessive  damage  to  the 
nuclei  the  most  convenient  and  reproduci- 
ble seems  to  be  the  Waring  Blendor.  If 
5  ml  of  suspension  is  blended  in  the  micro 
attachment  for  about  1  minute  (at  some- 
what less  than  half  speed),  all  the  cells 
will  be  broken  down  to  fragments  of  vary- 
ing size  and  practically  all  the  visible 
nuclei  will  be  freed  from  cellular  debris. 
Somewhere  between  50  and  100  per  cent 
of  the  nuclei  survive. 

Two  methods  have  been  somewhat  suc- 
cessful in  separating  the  nuclei  from  the 
cytoplasmic  fragments.  The  simpler  one 
(which  was  tried  toward  the  end  of  the 
work  and  has  not  been  fully  explored) 
utilizes  sedimentation  analysis.  A  sample 
of  the  broken  cell  suspension  was  floated 
over  a  stabilizing  gradient  (7  ml,  5  to  20 
per  cent  sucrose)  and  centrifuged  at  2000 
rpm  for  about  1  minute.  The  nuclei  sedi- 
mented  about  4  cm  in  a  broad  band,  and 
the  small  cytoplasmic  granules  remained  at 
the  top.  This  method  worked  successfully 
on  preparations  that  contained  no  large 
cell  fragments,  but  it  has  not  been  possible 
to  reproduce  the  breakage  well  enough  to 
achieve  consistently  good  preparations. 

The  more  fully  explored  method  in- 
volves centrifugation  toward  equilibrium 
at  40,000  rpm  in  a  very  stiff  sucrose  gradi- 
ent (45  to  70  per  cent).  This  method  is 
based  on  the  observation  that  both  the 
cytoplasmic  granules,  containing  the  bulk 
of  the  RNA,  and  the  large  fragments  have 
a  low  effective  density  in  sucrose  solutions 
and  come  to  rest  at  sucrose  concentrations 
of  about  50  per  cent.  The  nuclei  have  a 
large  effective  density  (though  still  sur- 
prisingly low),  and  come  to  rest  at  about 
65  per  cent  sucrose  (density  1.3).  Since 
the  concentrated  sucrose  solutions  have  a 
high  viscosity  it  was  inconvenient  to  make 
gradients.  The  runs  were  usually  made 
with  layers  of  sucrose  solutions  (70,  65,  60, 
55,  and  45  per  cent),  with  a  sample  of  the 


broken-cell  suspension  floated  on  top.  Af- 
ter 1  hour  of  centrifugation  at  40,000  rpm 
in  the  swinging-bucket  rotor  at  5°C  most 
of  the  nuclei  were  found  resting  on  top  of 
the  70  and  65  per  cent  layers  and  a  few 
still  associated  with  cell  fragments  on  the 
upper  layers.  The  nuclei  recovered  ap- 
peared to  be  quite  free  of  orange  cytoplas- 
mic granules.  The  green  fluorescence  was 
somewhat  diminished,  but  the  nuclei  could 
easily  be  counted  and  examined  for  dam- 
age. In  the  best  runs  60  per  cent  of  the 
original  nuclei  were  recovered  as  purified 
free  nuclei.  Occasionally  the  yield  was 
poor  and  the  nuclei  appeared  shrunken 
and  distorted,  presumably  because  of  lack 
of  control  over  the  stabilization  of  the 
nuclei  by  acridine  orange  staining. 

In  one  experiment  in  which  the  nuclear 
preparation  scheme  worked  effectively 
there  was  some  evidence  that  RNA  was 
synthesized  in  the  nucleus  of  this  organ- 
ism and  moved  out  to  the  cytoplasm.  For 
this  experiment  labeled  orthophosphate 
was  added  to  a  culture  growing  with  a 
9-hour  generation  time.  After  x/i  hour  a 
sample  ("pulse")  was  chilled  and  carrier 
orthophosphate  was  added  to  the  remain- 
ing culture.  At  the  end  of  the  succeeding 
Yi  hour  another  sample  ("chase")  was 
chilled.  Owing  to  the  large  pool  in  Tetra- 
hymena  the  chase  was  not  very  effective, 
and  the  rate  of  increase  of  radioactivity  of 
the  RNA  at  the  time  of  the  chase  sample 
was  greater  than  half  of  what  it  was  at  the 
time  of  the  pulse  sample.  For  the  pulse 
sample  the  radioactivity  per  purified  nu- 
cleus was  40  per  cent  of  the  radioactivity 
per  cell;  for  the  chase  sample  the  radioac- 
tivity per  purified  nucleus  was  23  per  cent 
of  the  radioactivity  per  cell. 

The  results  of  this  experiment  are  con- 
sistent with  other  trials  and  suggest  that 
RNA  is  in  fact  synthesized  in  the  nucleus. 
For  a  number  of  reasons,  however,  this  re- 
sult cannot  be  considered  established  in 
Tetrahymena.  For  example,  the  possibility 
of  contamination  of  the  nuclear  fraction 
has  not  been  adequately  checked. 
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It  seems  likely  that  the  variability  can 
be  brought  under  control  and  the  kinetics 
of  RNA  synthesis  in  the  nucleus  of  Tetra- 
hymena  can  then  be  studied  quantitatively. 
The  synthesis  of  RNA  in  the  nucleus  has 
been  established  in  several  organisms  by 
means  of  radioautography,  but  good  meas- 
urements of  the  kinetics  are  still  lacking. 

Search  for  nascent  RNA  associated  with 
DNA.  During  the  studies  of  Tetrahy- 
mena  it  was  observed  that  the  nuclei  dis- 
solved in  strong  salt  solutions.  The  proc- 
ess was  very  rapid  for  all  salts  tested  (ex- 
cept for  lead  salts,  which  will  be  discussed 
in  a  later  section).  When  these  micro- 
scopic observations  were  followed  up  by 
studies  with  tracers  and  sedimentation 
analysis  it  was  found  that  both  the  RNA 
and  DNA  could  be  easily  brought  into 
solution  by  treating  previously  frozen 
whole  Tetrahymena  with  2.4  M  CsCl.  This 
concentration  of  CsCl  (density  1.3)  was 
chosen  because  the  residual  cytoplasmic 
material  and  the  soluble  proteins  floated 
while  the  RNA  and  DNA  were  sedi- 
mented  in  the  ultracentrifuge.  The  ob- 
served sedimentation  rates  indicate  that 
high-molecular-weight  DNA  and  ribonu- 
cleoprotein  are  preserved  during  the  ex- 
traction, and  are  partially  separated.  There- 
fore, an  attempt  was  made  to  observe 
nascent  RNA  in  association  with  DNA 
without  a  preliminary  purification  of  the 
nuclei. 

For  this  method  of  extraction  and  sedi- 
mentation analysis  a  growing  culture  (la- 
beled with  C14-uracil  or  -thymine)  was 
chilled,  harvested,  and  washed  with  the  0.2 
per  cent  peptone  growth  medium.  The 
cells  were  finally  concentrated  into  a  com- 
pact pellet  which  was  weighed,  frozen,  and 
thawed  to  0°C  twice.  It  was  then  frozen 
again,  and  a  quantity  of  8  M  CsCl  was 
added  to  bring  the  density  to  1.3  (ap- 
proximately 2.4  M) .  Immediately  on  thaw- 
ing, the  pellet  liquefied  to  a  slightly  ge- 
latinous suspension  with  greatly  reduced 
opacity.  It  was  possible  to  work  with  such 
a  concentrated  cell  suspension  because  of 
the  small  quantity  of  dry  matter  (about 


10  per  cent)  in  Tetrahymena.  Three-tenths 
of  a  milliliter  of  this  suspension  was  floated 
on  top  of  a  previously  chilled  linear  gradi- 
ent of  CsCl  (density  from  1.5  to  1.35)  pre- 
pared with  the  gradient  mixing  device. 

The  system  was  then  centrifuged  in  the 
swinging-bucket  rotor  of  the  ultracentri- 
fuge. The  undissolved  fraction  of  the  cell 
formed  a  thin  scum  at  the  top  of  the 
liquid  which  was  pushed  against  the  side 
of  the  tube,  where  it  adhered.  The  fluid 
contents  were  then  dripped  out  into  a 
series  of  tubes,  and  the  pellet  and  scum 
were  resuspended  separately.  After  ap- 
propriate dilution  the  optical  density  at 
260  mu  was  measured,  and  TCA  was  then 
added  to  5  per  cent.  The  TCA  precipitates 
were  collected  on  membrane  filters,  which 
were  dried,  counted,  and  then  assayed  for 
DNA  by  the  Burton  modification  of  the 
diphenylamine  reaction.  The  filters  cause 
a  small  background  color  which  was  elimi- 
nated by  taking  the  difference  between  the 
optical  density  at  600  and  675  mu.  Ten 
micrograms  of  DNA  gave  a  reading  (600- 
675)  of  0.145,  and  the  detectable  limit  was 
about  l/2  Mg  of  DNA.  With  the  membrane 
filter  method  this  quantity  of  DNA  could 
be  harvested  out  of  a  large  volume  of 
liquid  and  the  sensitivity  might  be  in- 
creased by  more  than  a  factor  of  10  using 
microcuvettes  and  small  reaction  volumes. 

With  6  hours  of  centrifugation  at  35,000 
rpm  it  was  found  that  the  DNA  had 
moved  about  halfway  down  the  tube,  as 
shown  in  figure  64.  When  cells  were  ana- 
lyzed that  had  been  grown  in  0.2  per  cent 
peptone  to  which  C14-thymine  was  added 
it  was  found  that  in  all  cuts  the  TCA- 
precipitable  radioactivity  was  proportional 
(±5  per  cent)  to  the  amount  of  DNA  as 
measured  by  the  diphenylamine  reaction. 
The  amount  of  DNA  remaining  in  the 
scum  layer  was  only  5  per  cent  of  the  total. 
These  results  show  that  C14-thymine  is 
taken  up  specifically  into  DNA  (in  this 
medium)  and  that  there  are  no  TCA-pre- 
cipitable  substances  in  Tetrahymena  which 
interfere  with  the  diphenylamine  reaction. 
Ninety-five  per  cent  of  the  DNA  of  whole 
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Tetrahymena  appears  in  one  broad  peak 
with  a  sedimentation  rate  at  0°C  (in  CsCl 
of  mean  density  1.4)  corresponding  to 
13.5S.  Assuming  an  effective  density  for 
the  DNA  in  CsCl  of  1.7,  calculation  gives 
a  sedimentation  constant  in  water  at  20  °C 
of  50S  for  the  center  of  the  DNA  peak. 


Bottom  I 


5  10 

Fraction  number 


14     Top 


Fig.  64.  Sedimentation  analysis  of  Tetrahy- 
mena nucleic  acids  after  3  minutes'  incorporation 
of  C14-uracil.  Centrifugation  for  6  hours  at 
35,000  rpm  of  a  sample  of  frozen  cells  treated 
with  2.4  M  CsCl  and  suspended  over  a  gradient 
of  CsCl  (density  1.5  to  1.35).  Solid  circles,  optical 
density  at  260  mu  measures  RNA  except  in  cuts 
11,  12,  13,  14,  where  soluble  proteins  interfere. 
Open  circles,  DNA  measured  by  diphenylamine 
reaction.  Crosses,  TCA-precipitable  radioactivity 
derived  from  C14-uracil. 

The  lack  of  DNA  of  low  sedimentation 
constant  indicates  that,  if  there  is  any 
DNAase  in  this  organism,  its  activity  has 
been  suppressed.  The  calculated  sedimen- 
tation constant  is  greater  than  that  ob- 
served for  DNA  from  many  tissues  and 
is  very  near  the  maximum  published  value 
(80S).  It  may  be  presumed  that  the  DNA 
prepared  by  this  method  has  not  been  seri- 
ously degraded. 


In  several  runs  the  DNA  concentration 
in  the  peak  cuts  was  25  ug/tnl.  There  was 
no  sign  of  gel  formation,  however.  In  con- 
trast, when  25  ug/ml  of  T4  bacteriophage 
DNA  (prepared  by  osmotic  shock)  was 
suspended  in  a  similar  concentration  of 
CsCl,  its  presence  was  obvious  from  the 
strong  gel  that  was  formed.  This  observa- 
tion suggests  that  the  DNA  may  be  in  the 
form  of  a  nucleoprotein  comparable  to  the 
50S  nongelling  nucleoprotein  prepared  by 
Doty  from  thymus  tissue. 

The  bulk  of  the  RNA  survives  in  an  ob- 
ject of  high  sedimentation  constant  which 
has  just  been  pelleted  in  the  6-hour  spin 
shown  in  figure  64.  Shorter  spins  show  the 
major  peak  sedimenting  (in  CsCl  of  mean 
density  1.45  at  0°C)  at  a  rate  corresponding 
to  24S.  Since  RNA  with  such  a  high  sedi- 
mentation constant  has  not  been  observed 
before,  it  must  be  presumed  that  ribo- 
somes  have  survived.  On  the  assumption 
that  this  peak  is  made  up  of  ribosomes  and 
that  they  have  an  effective  density  of  1.7 
in  CsCl  (as  do  bacterial  ribosomes)  the 
calculated  sedimentation  constant  in  water 
at  20 °C  is  90S.  This  result  supports  the 
presumption  that  this  peak  is  made  up  of 
ribosomes.  The  presumption  is  further 
supported  by  the  observation  that  the  pel- 
let, when  diluted  in  water  in  the  absence 
of  magnesium,  undergoes  complete  self- 
digestion.  In  a  few  hours,  at  room  tem- 
perature, the  TCA-precipitable  uracil  label 
falls  to  about  1  per  cent  of  the  initial  value. 
It  is  implied  that  ribonuclease  is  present  in 
the  Tetrahymena  ribosomes  as  has  been 
clearly  demonstrated  for  bacterial  ribo- 
somes. It  is  fortunate  that  the  ribosomes 
do  not  undergo  major  self -digestion  in  the 
CsCl  gradient;  it  may,  however,  occur  to 
some  extent  and  influence  the  results 
shown  in  figure  64. 

In  spite  of  this  risk  of  the  expression 
of  ribonuclease  activity  an  attempt  has 
been  made  to  observe  nascent  RNA  in 
association  with  the  DNA  prepared  by  the 
above  method  of  extraction  and  sedimenta- 
tion analysis.  There  is  a  further  risk  that 
the  concentrated  CsCl  solution  may  disso- 
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ciate  the  hypothetical  complex  of  nascent 
RNA  and  DNA.  If  there  were  hybrid 
base  pairing  between  the  RNA  and  DNA 
the  complex  would  probably  survive,  since 
the  transforming  activity  of  bacterial  DNA 
is  not  affected  by  banding  in  8  M  CsCl. 

Figure  64  shows  the  results  of  an  ex- 
periment in  which  a  culture  of  Tetra- 
hymena  growing  in  0.2  per  cent  peptone 
with  a  generation  time  of  7  hours  was  sup- 
plied with  C14-uracil  for  3  minutes  before 
sudden  chilling  to  0°C,  followed  by  the 
procedure  described  above.  There  is  no 
evidence  of  radioactivity  associated  with 
the  DNA  peak.  The  background  of  ra- 
dioactivity due  to  RNA  present  in  the  re- 
gion of  the  DNA  makes  it  difficult  to  set 
a  limit  on  the  possible  amount  of  nascent 
RNA.  A  study  of  the  conditions  for  sta- 
bility of  ribosomes  and  their  size  distribu- 
tion will  probably  make  it  possible  to  re- 
duce this  background.  Labeling  times  can 
be  made  much  shorter  by  growing  the  cells 
in  a  defined  medium  with  limiting  uracil 
concentration,  and  this  procedure  will 
probably  increase  the  sensitivity. 

That  the  specific  radioactivity  of  the 
RNA  in  the  region  of  the  DNA  and  in  the 
peak  in  fraction  11  is  about  twice  that  of 
the  bulk  of  the  RNA  in  the  pellet  suggests 
that,  as  in  bacteria,  the  small  ribosomes  are 
labeled  before  the  larger  ones  during  the 
course  of  synthesis. 

Hydrolysis  of  RNA  by  lead  acetate.  In 
the  course  of  the  work  with  Tetrahymena 
nuclei  a  search  was  made  for  solutions 
that  might  preserve  the  macromolecular 
content  and  gross  structure  of  the  nuclei 
(by  fixation)  and  at  the  same  time  allow 
their  separation  from  the  other  cell  struc- 
tures by  density  gradient  centrifugation. 
When  concentrated  lead  salts  were  tested 
it  was  found  that  the  nuclei  were  ap- 
parently well  preserved  but  that  the  RNA 
of  the  cell  went  into  solution.  This  led  to 
the  observation  that  RNA  is  hydrolyzed 
to  nucleotides  by  lead  salts  at  room  tem- 
perature. 

Since  the  hydrolysis  of  RNA  by  lead 
salts  had  apparently  not  been  observed  be- 


fore, and  it  appeared  that  it  might  be  use- 
ful in  studies  of  RNA  structure  and  intra- 
cellular organization,  some  preliminary 
exploration  of  the  process  has  been  carried 
out. 

Figure  65  shows  the  loss  of  TCA-pre- 
cipitable  C14-uracil  label  (at  25  °C)  from 
whole  Tetrahymena.  The  cells  were 
washed  and  suspended  in  molar  lead  ace- 
tate. At  the  times  indicated,  samples  were 
diluted  a  factor  of  20  into  5  per  cent  TCA 
and  filtered  on  collodion  membrane  filters. 
The  fact  that  preliminary  boiling  of  the 
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Fig.  65.  Hydrolysis  of  Tetrahymena  RNA  by 
lead  acetate.  TCA-precipitable  radioactivity  col- 
lected on  membrane  filters  as  a  function  of  time 
of  incubation  at  25° C  in  1  M  lead  acetate.  Solid 
circles,  C14-uracil  labeled  Tetrahymena  washed 
in  TSM.  Crosses,  same  cell  preparation  sus- 
pended in  TSM  at  100°C  for  15  minutes  before 
addition  of  lead  acetate. 

cell  suspension  does  not  affect  the  rate  of 
hydrolysis  indicates  that  enzymes  present 
in  the  cells  have  little  effect  on  the  reac- 
tion. 

The  data  shown  in  figure  66  demonstrate 
that  ribonuclease  is  indeed  strongly  in- 
hibited by  lead  acetate.  Ribosomes  were 
prepared  from  C14-uracil  labeled  Sal- 
monella  typhimurium  and  then  boiled  for 
20  minutes  in  TSM.  The  hydrolysis  of  this 
preparation  of  partially  degraded  RNA 
was  then  examined  in  the  presence  of 
pancreatic  ribonuclease,  0.1  M  lead  acetate, 
and  the  combination  of  both  as  described 
in  the  figure  legend.   From  these  results 
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it  can  be  concluded  that  the  small  quanti- 
ties of  native  ribonuclease  present  in  vari- 
ous preparations  will  have  a  negligible 
effect  on  the  rate  of  hydrolysis  of  RNA  in 
1  M  lead  acetate. 

The  products  of  hydrolysis  by  lead  ace- 
tate were  first  examined  by  paper  chro- 
matography with  isobutyric  acid  (66), 
concentrated  NH4OH  (1.2),  H20  (33). 
For  this  purpose  whole  C14-uracil  labeled 
Salmonella  typhimurium  cells  were  boiled 


100 
Minutes 

Fig.  66.  Inhibition  of  RNAase  by  0.1  M  lead 
acetate.  TCA-precipitable  radioactivity  collected 
on  membrane  filters  as  a  function  of  time  of 
incubation  at  26°C  in  the  following  solutions: 
Plus  signs,  0.1  M  lead  acetate;  solid  circles, 
5  Ug/ml  pancreatic  ribonuclease;  open  circles, 
5  ug/ml  ribonuclease  in  0.1  M  lead  acetate; 
crosses,  control,  suspended  in  TSM.  RNA  was 
prepared  from  C14-uracil  labeled  Salmonella 
typhimurium  ribosomes  by  boiling  for  20  min- 
utes in  TSM. 

for  20  minutes,  centrifuged,  washed,  and 
suspended  in  1  M  lead  acetate  for  20  hours 
at  25  °C.  On  centrifugation  and  desalting 
by  absorption  on  charcoal  half  of  the 
labeled  material  was  lost.  Ninety  per  cent 
of  the  recovered  radioactivity  ran  co- 
incident with  carrier  2'-3'-uridylic  and  cyti- 
dylic  acids. 

In  order  to  measure  the  yield  of  nucleo- 
tides in  comparison  with  other  possible 
hydrolysis  products  an  analysis  was  carried 
out  with  P32  labeled  RNA  using  a  Dow-1 
column.  Salmonella  typhimurium  were 
grown  overnight  in  the  presence  of  labeled 
orthophosphate,     harvested,     washed     in 


TSM,  and  disrupted  in  a  modified  Hughes 
press.  After  the  unbroken  cells  and  walls 
were  removed,  ribosomes  were  collected 
by  centrifugation  (40,000  rpm  for  90 
minutes).  The  ribosomes  were  resus- 
pended  in  TSM  and  boiled  for  20  minutes. 
Lead  acetate  was  added  to  a  concentration 
of  1  M,  and  the  suspension  was  incubated 
for  6l/2  hours  at  25  °C.  It  was  then  diluted 
a  factor  of  20  in  water;  carrier  5'-cytidylic 
and  2'-3'-adenylic  and  uridylic  acids  were 
added.  The  radioactivity  was  completely 
adsorbed  on  Dow-1  in  the  formate  form. 
Elution  was  carried  out  with  a  gradient 
from  0  to  4  M  formic  acid.  Eighty-four 
per  cent  of  the  radioactivity  appeared  in 
four  peaks  corresponding  to  the  four  2'-3'- 
nucleotides.  The  remaining  16  per  cent 
of  the  radioactivity  had  not  been  eluted 
from  the  column  when  the  run  was  termi- 
nated just  after  the  uridylic  acid  had  been 
eluted.  Less  than  1  per  cent  of  the  radio- 
activity occurred  outside  of  the  four  peak 
regions.  The  5'-cytidylic  carrier  was  com- 
pletely resolved  from  the  2'-3'-cytidylic 
peak,  and  no  radioactivity  was  eluted  with 
it. 

Published  curves  indicate  that  ortho- 
phosphate  is  eluted  at  the  leading  edge  of 
the  uridylic  acid  peak.  In  this  analysis 
there  was  in  fact  a  somewhat  higher  spe- 
cific radioactivity  at  the  leading  edge  of  the 
uridylic  acid  peak.  If  it  were  due  to  ortho- 
phosphate  the  amount  present  was  prob- 
ably not  more  than  10  per  cent  of  the 
uridylic  acid  peak.  This  observation  and 
the  absence  of  ultraviolet-absorbing  ma- 
terial anywhere  but  in  the  four  nucleotide 
peaks  show  that  the  nucleotides  have  not 
been  degraded  to  any  significant  extent 
during  the  hydrolysis. 

It  is  clear  that  molar  lead  acetate  at  25  °C 
almost  completely  hydrolyzes  RNA  to 
nucleotides  in  6  hours  or  less.  The  result- 
ing nucleotides  are  not  5'  and  apparently 
are  mixtures  of  2'  and  3'. 

It  appears  that  DNA  is  hydrolyzed  very 
slowly  if  at  all  by  molar  lead  acetate  at 
25  °C.    When  C14-thymine  labeled  Tetra- 
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hymena  cells  were  suspended  in  molar 
lead  acetate  there  was  no  significant 
change  in  the  amount  of  TCA-precipitable 
radioactivity  over  24  hours.  As  an  addi- 
tional verification  T-4  bacteriophage  were 
suspended  in  molar  lead  acetate.  Over 
several  days  no  significant  change  was 
observed   in    the   amount   of    ultraviolet- 

TABLE  20.     Relative  Rates  of  Hydrolysis  of 
RNA  by  Molar  Lead  Acetate  at  25 °C 


Material  * 


Time  for 

50  Per  Cent 

Hydrolysis,t 

minutes 


Washed  S.  typhimurium  cells  450 

Boiled  X  ribosomes  S.  typhimurium  cells  66 

Ribosomes  from  S.  typhimurium  60 

Boiled  X  from  S.  typhimurium  20 

S-RNA  §  from  S.  typhimurium  25 

Boiled  X  S-RNA  from  S.  typhimurium  22 
RNA  extracted  ||  from 

S.  typhimurium  18 

Washed  Tetrahymena  cells  28 

Boiled  X  Tetrahymena  cells  28 
RNA  extracted  ||  from 

Tetrahymena  21 

*  In  each  case  the  material  was  obtained  from 
cells  labeled  with  C14-uracil  and  the  label  was 
shown  to  be  almost  entirely  in  the  uracil  and 
cytosine  of  the  RNA. 

fin  each  case  the  TCA-precipitable  radio- 
activity fell  almost  exponentially.  Digestion  was 
allowed  to  proceed  until  over  90  per  cent  of  the 
RNA  was  solubilized. 

X  Suspended  in  TSM  for  15  minutes  at  100°C. 

§  Supernatant  after  two  40K  180  minute  spins 
of  broken  S.  typhimurium  cells. 

||  Supernatant  after  boiling  labeled  cells  for  30 
minutes  in  1  M  sodium  acetate. 

absorbing  material  (DNA)  that  could  be 
extracted  from  TCA-precipitated  samples 
with  hot  perchloric  acid.  The  absence 
of  hydrolysis  of  DNA  is  also  indicated 
by  the  survival  of  Tetrahymena  nuclei  in 
molar  lead  acetate  observed  with  acridine 
orange  stained  cells  in  the  fluorescence 
microscope. 

Thus  it  appears  that  the  attack  on  the 
nucleic  acid  molecule  by  lead  acetate  is 
quite  parallel  to  the  hydrolysis  by  alkali. 


The  observations  listed  in  table  20  show 
the  effect  of  the  state  of  the  RNA  on  the 
rate  of  hydrolysis  by  lead  acetate.  Ex- 
tracted or  denatured  RNA  from  S.  typhi- 
murium and  Tetrahymena  is  hydrolyzed 
with  a  half  time  of  about  20  minutes.  Thus 
20  minutes  can  be  taken  as  the  character- 
istic time  for  free  RNA.  The  fact  that 
RNA  present  in  bacterial  ribosomes  is 
hydrolyzed  at  one-third  of  the  rate  of  free 
RNA  suggests  that  there  are  chemical 
bonds  to  the  phosphorus  or  ribose  of  the 
RNA  in  the  nucleoprotein  which  inhibit 
the  action  of  the  lead  ions.  A  further 
study  of  this  phenomenon  should  lead  to 
some  insight  into  the  structure  of  the 
nucleoprotein. 

The  absence  of  this  effect  in  Tetra- 
hymena (although  other  evidence  indicates 
that  the  RNA  is  principally  ribosomal) 
suggests  that  the  organization  of  Tetra- 
hymena ribosomes  may  be  different  from 
that  of  the  bacterial  ribosomes.  That  some 
difference  exists  is  also  indicated  by  the 
observation  that  Tetrahymena  ribosomes 
do  not  go  into  solution  when  the  cells  are 
passed  through  a  modified  Hughes  press — 
a  method  that  brings  bacterial  ribosomes 
almost  entirely  into  solution. 

When  living  bacterial  cells  are  sus- 
pended in  molar  lead  acetate  their  RNA 
is  hydrolyzed  at  a  much  slower  rate  than 
free  or  ribosomal  RNA.  Since  the  TCA- 
precipitable  RNA  falls  exponentially  over 
20  hours  (down  to  10  per  cent  of  the 
original  quantity)  without  any  sign  of 
increasing  rate,  the  slow  hydrolysis  is  pre- 
sumably not  due  to  a  slow  penetration  of 
lead  ions  into  the  cell.  Although  there 
are  obvious  alternative  explanations,  this 
result  may  imply  that  the  RNA  in  the 
whole  cell  is  bound  in  such  a  way  as  to 
protect  it  from  the  lead  ions,  and  in  a  way 
that  differs  from  the  protection  observed  in 
isolated  ribosomes.  Further  investigation 
of  this  point  is  justified  because  of  the 
difficulty  of  obtaining  evidence  with  regard 
to  the  organization  of  macromolecules 
within  the  cell. 
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Fig.  2.  Sample  record  from  an  array  of  six  seismometers.  The  top  record  shows  the  six  individual 
channels.  On  the  lower  record  channels  2  to  5  are  mixed  channels,  the  mid-points  of  the  group 
mixed  being  separated  by  91  meters. 
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RNA 


50/30 


in  TS  2 


RNA 50/30 
extracted  in 
presence  of 

2x!0~3M  EDTA 


Fig.  18.  Two  frames  from  schlieren  pictures  taken  14  (on  right)  and  18  minutes  (left)  after 
reaching  50,740  rpm.  Sedimentation  from  right  to  left.  Concentration  about  2  mg/ml.  RNA  ex- 
tracted from  a  mixture  of  50/30  ribosomes  (about  2.5:1).  Phenol  and  ether  saturated  with  0.02 
M  phosphate  buffer,  pH  7.3. 


RNA50/30in 
5xlO-3  M   Mg  +  + 


RNA50/30in 
2.5xS0-3M  Mg  +  + 


Fig.  19.  Schlieren  pictures  taken  14  and  18  minutes  after  reaching  50,740  rpm.  Sedimenta- 
tion from  right  to  left.  Concentration  of  RNA  approximately  2.5  mg/ml  in  each.  Particles  sus- 
pended and  extracted'  as  described  for  figure  18.  Magnesium  diluted  with  tris-succinate  buffer, 
pH  7.4. 
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(a) 


(b) 


Fig.  20.  Schlieren  diagram  of  RNA50/30  (see  fig.  18)  dialyzed  for  (a)  16  hours  and  (b)  40 
hours  against  0.02  M  phosphate  buffer,  pH  7.2.  Pictures  taken  28  and  37  minutes  after  reaching 
50,740  rpm  in  (a),  14  and  18  minutes  in  (b).   RNA  concentrations  approximately  1.2  mg/ml. 
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RNA 


30 


RNA 


50 


RNA 


70 


Fig.  21.  RNA  from  purified  ribosomes  prepared  as  described  in  text  (see  fig.  18)  for  RNA:>0 
and  RNA50,  pictures  taken  12  and  16  minutes  after  reaching  speed  (50,740  rpm).  For  RNA70, 
pictures  taken  approximately  15  and  19  minutes  after  reaching  speed.  Approximate  RNA  concen- 
tration l.S  to  2.0  mg/ml. 
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Plate  7 
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40KI20P    CONTROL 


40KI20P     45  MINUTES 
WITH  FLUOROURACiL 


Fig.  45.  Schlieren  diagram  of  40K  120'  P  from  cells  incubated  for  45  minutes  with  and  with- 
out fluorouracil  (20  ug/ml).  Sedimentation  from  left  to  right.  Pictures  taken  6  and  8  minutes  after 
reaching  speed  (50,740  rpm).   Bar  angle  45°. 


Mg+*  STARVED  -  16  HOURS 
TRIS   MEDIUM 


REINGUBATE    180  MINUTES 
WITH    FLU0R0URAG1L 


REINGUBATE    180  MINUTES 
CONTROL 


Fig.  48.  Schlieren  diagram  of  cell  extracts.  Pictures  taken  6  min- 
utes after  reaching  50,740  rpm.  Sedimentation  from  left  to  right. 
Bar  angle  30°. 
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19'  -T-fAU 


>6'  -T+i 


>0'  -T  +  AU 


70'  -T  -h 


Fig.  55.  The  analytical  centrifuge  shows  changes  in  ribosome  pattern  dur- 
ing growth  without  thymine.  A  new  peak  (~45S)  appears  at  50  minutes. 
The  accumulation  of  85S  particles  is  characteristic  of  a  reduced  synthetic  rate. 
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2  HRS  +T-AU 


2  HRS  +T  -AU 
2  MIN  +TAU 


2  HRS  -fT  -AU 
6  MIN    4TAU 


2  HRS  -f  T  -AU 
30  MIN   4TAU 


Fig.  61.     The    ribosome    pattern    of    thymine-saturated    cells    is    characteristic    of   a    low    syn- 
thetic rate.    It  reverts  rapidly  to  that  of  a  growing  cell  when  A  and  U  are  restored. 


Plate  10 
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30*  H-TAU  ~M 


30* +TAU  ~M 
201  4-TAU  4M 


90r   +T-AU 


90f  +T  -AU 
201   +TAU 


30,-fTAU  -M 
20r  +TA  +FU 


90f  +T  -AU 
20f+TA  +FU 


Fig.  62.  Thirty  minutes'  incubation  without  energy  source  (maltose)  causes  accumulation  of 
85S  ribosomes.  The  pattern  reverts  to  normal  in  less  than  20  minutes  when  maltose  is  restored 
even  though  uracil  is  replaced  by  5-fluorouracil  (FU).  Incubation  for  90  minutes  +T-A-U 
causes  a  less  drastic  change  in  the  ribosome  pattern,  which  also  reverts  to  normal  in  20  minutes 

+  T  +  A  +  U  or  +T  +  A  +  FU. 
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During  the  past  year  the  Carnegie  Image 
Tube  Committee  has  continued  its  pro- 
gram of  developing  and  evaluating  new 
types  of  tubes.  Cascaded  image  intensi- 
fies, made  by  RCA  and  described  in 
last  year's  report,  have  been  used  to  record 
images  of  close  double  stars  that  cannot 
be  resolved  by  any  other  photographic  tech- 
nique. Mica-window  tubes,  developed  for 
the  Committee  by  ITT  Laboratories,  have 
been  used  to  explore  the  region  of  infra- 
red stellar  spectra  around  1  micron — a  re- 
gion relatively  inaccessible  by  ordinary 
photographic  techniques.  The  24-inch 
Morgan  telescope  at  Lowell  Observatory 
has  been  specially  equipped  for  work  with 
experimental  image  tubes.  In  particular, 
an  efficient  grating  spectrograph  for  this 
telescope  has  been  constructed  at  the  De- 
partment of  Terrestrial  Magnetism.  Sev- 
eral promising  new  tubes  have  been  tested 
for  the  first  time  during  the  report  year. 
Two  of  them  are  high-gain  intensifiers 
which  utilize  secondary  electron  multipli- 
cation. Extensive  tests  have  been  made  to 
evaluate  two  signal-generating  or  televi- 
sion-type tubes. 

As  the  report  year  closes  the  Committee 
and  its  associates  have  had  considerable 
success  in  some  specialized  problems  with 
both  the  mica-window  and  the  cascaded 
types  of  tubes  on  various  telescopes.  Some 
of  the  details  of  this  work  are  given  be- 
low. The  tubes  are  commercially  available 
and  are  relatively  simple  and  reliable. 
Their  main  disadvantages  are  their  small 
useful  field  and  their  limited  resolution, 
which  severely  restrict  the  problems  that 
can  be  attacked  with  the  devices  we  now 
have.  There  is  nothing  fundamental  about 
these  limitations,  however.  Some  tests 
have  been  made  with  preliminary  samples 
of  magnetically  focused  cascaded  tubes 
which  have  good  resolution  over  fairly 
large  areas,  but  these  preliminary  samples 
have  had  poor  cathodes  and  hence  insuffi- 
cient gain.  Thus,  the  present  status  of  this 
project  is  that,  although  tubes  with  small 


areas  have  been  used  to  demonstrate  the 
feasibility  of  simple  sealed-off  devices,  some 
further  development  is  required  before 
efficient  tubes  are  available  for  routine 
work  on  most  problems. 

The  mica-window  tube  is  one  of  the 
existing  devices  which  can,  in  certain 
limited  applications,  yield  considerable 
gains  over  conventional  photography.  It 
consists  of  a  photocathode,  simple  electron 
optics,  and  a  phosphor  deposited  on  a  thin 
window  of  mica.  Exposures  are  made  by 
pressing  film  into  optical  contact  with  the 
mica  window.  This  method  provides  ef- 
ficient transfer  of  the  light  produced  in 
the  phosphor  to  the  photographic  emul- 
sion, and  consequently  no  electron  multi- 
plication is  built  into  the  tube. 

The  tubes  tried  thus  far  have  been  de- 
veloped for  the  Carnegie  Committee  at  the 
ITT  Laboratories  by  Mr.  A.  J.  Knight 
under  the  direction  of  Mr.  S.  F.  Essig. 
They  are  electrostatically  focused  and  have 
either  blue-sensitive  (Sll)  or  infrared-sen- 
sitive (SI)  photocathodes. 

Some  of  the  possible  astronomical  ap- 
plications of  mica-window  tubes  have  been 
explored  by  Dr.  T.  E.  Houck  of  the  Wash- 
burn Observatory,  University  of  Wiscon- 
sin, who  spent  six  months  as  a  Carnegie 
Staff  Associate  at  Lowell  Observatory.  For 
spectroscopic  investigations  the  Lowell 
prism  spectrograph  was  adapted  for  image 
tubes  by  replacing  the  usual  plateholder 
with  a  small  light-weight  assembly  con- 
taining a  tube  and  providing  connections 
for  high-voltage  leads.  With  a  three-prism 
train  and  a  50-mm  camera  lens  this  instru- 
ment gave  a  dispersion  of  150  A/mm  at 
Hy  and  a  collimator-to-camera  ratio  of  10. 
In  the  infrared  an  8-inch  camera  gives  a 
dispersion  of  530  A/mm  at  1  micron  and 
a  camera-to-collimator  ratio  of  2.5.  Labora- 
tory tests  made  by  Dr.  Houck  showed  that 
with  the  image-tube  system  a  resolution 
of  22  line  pairs  per  millimeter  could  be  ob- 
tained with  Tri-X  film  in  contact  with  the 
mica  window;  the  resolution  with  Plus-X 
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was  about  26  line  pairs  per  millimeter,  and 
with  Microfile,  about  32  line  pairs  per  milli- 
meter. The  visual  resolution  was  better 
than  50  line  pairs  per  millimeter.  Plus-X 
film  has  been  used  for  most  of  the  work 
with  the  Lowell  spectrograph  as  a  reason- 
able compromise  between  resolution  and 
speed,  and  resolutions  approaching  25  line 
pairs  per  millimeter  are  consistently 
achieved. 

With  tubes  having  blue-sensitive  (Sll) 
cathodes,  Dr.  L.  W.  Fredrick  of  Lowell 
Observatory  and  the  Department  of  Ter- 
restrial Magnetism  has  been  able  to  dem- 
onstrate, for  exposures  of  1-hour  duration, 
gains  over  unaided  photography  of  30  ac- 
companied by  a  2  to  2!/z  times  loss  in 
resolution.  Taking  the  resolution  into  ac- 
count, the  net  gain  is  about  5.  That  is,  if 
comparison  photographs  were  taken  at 
2.5  times  lower  dispersion  the  same  in- 
formation could  be  obtained  in  an  ex- 
posure shorter  by  a  factor  of  1/(2.5) 2,  and 
so  the  apparent  speed  gain  must  be  re- 
duced by  the  square  of  the  loss  in  resolu- 
tion. 

In  the  far-red  region  of  the  spectrum, 
Dr.  Houck  measured  apparent  speed  gains 
with  an  SI  mica-window  tube  of  10  over 
I-N  emulsions  and  50  over  hypersensitized 
I-M  emulsions.  Again,  these  apparent  gains 
must  be  reduced  by  the  square  of  the  loss 
in  resolution.  Further  in  the  infrared 
(0.96  to  1.3  microns)  the  gains  over  hyper- 
sensitized I-Z  plates  become  considerably 
larger  because  of  both  the  lower  sensitivity 
and  the  lower  resolution  of  the  infrared- 
sensitive  emulsions.  It  is  difficult  to  assign 
exact  figures  because  of  the  great  variation 
obtained  with  the  hypersensitizing  tech- 
nique, but  useful  gains  of  at  least  50  seem 
to  be  routinely  achieved  with  uncooled 
tubes.  Recently  Dr.  Fredrick  has  built 
equipment  for  cooling  these  tubes  with 
dry  ice  and  by  so  doing  has  been  able 
to  operate  at  higher  voltages  to  obtain  even 
more  gain. 

With  this  equipment  Dr.  Fredrick  has 
undertaken  a  program  of  observation  in 
the  1-micron  region  of  several  long-period 


variable  stars.  Among  the  stars  being 
followed  are  R  Leonis,  R  Serpentis,  and 
UU  Aurigae.  The  intensity  ratios  of  the 
1.046-micron  bands  of  the  VO  molecule  in 
these  stars  may  prove  to  be  an  important 
tool  for  measuring  temperature  differences 
in  stellar  atmospheres. 

While  at  Lowell  Observatory  Dr.  Houck 
worked  with  an  infrared-sensitive  mica- 
window  tube  with  a  short-focal-length 
camera  lens  to  photograph  several  star 
fields.  Exposure  times  were  limited  to 
about  5  minutes  by  the  airglow  with  an 
//2.3,  100-mm  lens  and  Wratten  87a  filter. 
The  relatively  small  field  available  was  not 
sufficient  to  enable  general  Milky  Way 
features  to  be  observed.  Dr.  Houck  reports 
that  some  experimentation  will  be  neces- 
sary to  optimize  filter  combinations  before 
SI  tubes  can  be  used  to  explore  gross  scale 
features  of  the  Milky  Way  in  the  1-micron 
region. 

Electrostatically  focused  cascaded  tubes 
made  by  RCA  have  been  available  for 
several  years.  They  have  multialkali  pho- 
tocathodes  (characterized  by  a  broad  spec- 
tral sensitivity  from  3000  to  8000  A), 
internal  multiplication  of  the  phosphor- 
photocathode  sandwich  variety,  and  a 
6-mm  field  having  a  resolution  of  15  line 
pairs  per  millimeter.  Work  with  this 
type  of  tube  on  long-exposure  photography 
of  faint  star  fields  was  reported  last  year 
in  the  Publications  of  the  Astronomical 
Society  of  the  Pacific,  70,  592,  1958,  and  in 
Carnegie  Institution  of  Washington  Year 
Book  58,  page  309,  1959.  Because  of  its 
small  field,  or  more  accurately  because 
of  the  small  number  of  resolvable  linear 
elements  available,  this  tube  is  not  gen- 
erally useful  in  either  field  photography 
or  spectroscopy.  However,  Dr.  Fredrick 
has  been  quite  successful  in  obtaining  with 
these  tubes  motion  pictures  of  the  images 
of  close  double  stars.  The  speed  gain 
provided  by  the  cascaded  intensifier  per- 
mits making  short  exposures  to  obtain 
images  of  high  quality  under  seeing  con- 
ditions (due  to  the  smearing  effects  of 
the  earth's  atmosphere)  where  longer  ex- 
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posures  would  blur  detail.  Reductions  in 
exposure  of  100  can  be  obtained  by  operat- 
ing the  tube  at  higher  voltages  than  are 
feasible  in  long-exposure  work  because  of 
the  tube's  voltage-dependent  background. 

Double-star  photography  with  the  cas- 
caded image  tube  has  been  done  by  Dr. 
Fredrick  on  both  the  24-inch  Lowell  re- 
fractor and  the  24-inch  Morgan  telescope. 
A  planetary  camera  (negative  lens)  is  at- 
tached to  the  refractor  to  give  a  scale  at 
the  photocathode  of  4  seconds  of  arc  per 
millimeter,  and  an  //104  secondary  mirror 
on  the  reflector  gives  3.3  seconds  of  arc  per 
millimeter.  At  these  scales  the  resolution 
of  the  svstem  is  determined  almost  en- 
tirely  by  the  seeing  conditions.  For  much 
of  the  work  the  telescope  objective  is 
stopped  down  to  16  inches.  The  images 
on  the  phosphor  screen  of  the  intensifier 
are  photographed  with  unity  magnifica- 
tion with  a  16-mm  cine  camera. 

The  method  of  measuring  close  pairs 
involves  exposing  a  few  feet  of  film  on  a 
standard  pair,  i.e.,  on  a  pair  of  stars  whose 
separation  and  position  angle  are  accu- 
rately known,  and  then  shooting  a  few  feet 
on  the  unknown  pair.  By  this  method 
Dr.  Fredrick  has  measured  with  precision 
the  separation  of  the  visual  binary  51 
Aquilae.  This  pair  has  a  separation  of  only 
0.46  ±0.05  second  of  arc.  Since  photo- 
graphic resolution  of  less  than  1.5  seconds 
is  rare  this  is  quite  an  achievement. 

In  order  to  evaluate  the  possible  spectro- 
scopic applications  of  the  cascaded-type 
tube  Dr.  W.  K.  Ford  of  the  Department 
of  Terrestrial  Magnetism  spent  a  week 
during  January  1960  working  in  col- 
laboration with  Dr.  Arne  Slettebak  and 
Dr.  P.  C.  Keenan  at  the  Perkins  Ob- 
servatory of  Ohio  Wesleyan  and  Ohio 
State  University.  A  two-stage  RCA  elec- 
trostatic tube  was  used  at  the  focus  of 
the  high-dispersion  camera  (Perkins  Pa 
camera,  giving  about  20  A/mm)  of  the 
prism  spectrograph  on  the  69-inch  re- 
flector. The  spectrum  displayed  by  the 
phosphor  screen  of  the  intensifier  was 
photographed  at  unity  magnification  with 


a  pair  of  f/13  lenses  front  to  front.  The 
resolution  of  the  tube  and  lens  system 
was  about  15  line  pairs  per  millimeter. 
It  was  found  that  with  the  slit  width  and 
length  normally  used  with  this  camera 
well  exposed  spectra  could  be  obtained 
with  a  speed  gain  of  about  14  accompanied 
by  about  a  threefold  loss  in  resolution.  For 
example,  spectra  were  obtained  of  a  6.3 
magnitude  K0  star  (12  Camelopardalis)  in 
5  minutes.  For  direct  exposures  with  the 
same  camera  a  70-minute  exposure  is  re- 
quired. It  was  also  found  that  the  slit 
width  of  the  spectrograph  could  be  at 
least  doubled  before  any  deterioration  of 
the  image  quality  at  the  output  of  the 
tube  was  noted.  This  brought  the  speed 
gain  up  to  about  28,  in  good  agreement 
with  laboratory  measurements  of  the  gain 
of  this  particular  tube.  The  background 
of  the  tube  was  sufficiently  low  so  that 
15-  to  30-minute  exposures  could  be  made 
at  18  kv  at  the  dome  temperature  (about 
32 °F)  without  artificially  cooling  the  tube 
to  reduce  spurious  emission. 

These  tests  illustrate  well  the  problems 
encountered  with  the  image  tubes  now 
available  and  suggest  some  future  applica- 
tions and  improvements.  The  gain  of  the 
system  described  above  was  about  28,  and 
the  resolution  was  three  times  poorer  than 
could  be  achieved  with  a  fast  plate  (for 
example,  an  Eastman  103a-O) .  This  means 
that  the  same  information  could  have  been 
obtained  with  a  direct  plate  and  a  camera 
of  one-third  the  focal  length.  The  speed 
of  such  a  system  is  (3)2  =  9  times  the 
speed  of  the  original.  The  useful  speed, 
then,  is  only  28/9  =  about  3.  Therefore, 
these  tubes  can  now  be  applied  only  to 
problems  where  a  faster  lens  system  is  not 
feasible  and  where  the  resolution  of  the 
present  system  is  more  than  adequate. 

Fortunately  this  useful  gain  figure  can 
be  expected  to  increase  as  the  result  of 
improvement  in  both  resolution  and  in- 
ternal multiplication.  For  example,  reso- 
lutions approaching  25  line  pairs  per  milli- 
meter over  a  40-mm  field  have  been  ob- 
tained in  the  laboratory  with  magnetically 
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focused  cascaded  tubes  built  at  ITT 
Laboratories.  Some  additional  gain  may 
be  realized  from  recent  improvements  in 
fine-grain  blue  phosphors,  which  are  pho- 
tographically more  efficient  than  the  yel- 
low-green phosphors  used  previously.  Im- 
provements in  tube  design  may  permit 
operating  the  tubes  at  higher  voltages 
without  increasing  the  background  due  to 
spurious  emission.  Large  increases  in  gain 
can  be  attained  by  increasing  the  amount 
of  electron  multiplication  in  the  tube.  This 
can  be  done  either  by  adding  another 
stage  of  multiplication  of  the  phosphor- 
photocathode  variety  or  by  means  of  four 
or  five  stages  of  secondary  electron  multi- 
plication. 

Research  and  development  of  tubes  uti- 
lizing secondary  electron  multiplication 
have  been  carried  on  for  a  number  of  years 
at  the  Westinghouse  Research  Laboratories 
by  A.  E.  Anderson,  E.  J.  Sternglass,  and 
M.  M.  Wachtel.  (See  Year  Book  55,  p.  65, 
1956.)  This  type  of  tube  consists  of  a 
photocathode,  a  series  of  thin-film  emitters 
or  dynodes,  and  a  phosphor  screen.  Pri- 
mary photoelectrons  are  magnetically 
focused  onto  the  first  dynode,  where  they 
release  secondary  electrons  which,  in  turn, 
are  focused  onto  the  next  dynode.  Typical 
yields  per  dynode  are  about  five  secondaries 
per  single  primary  electron,  so  that  a 
multiplication  of  the  order  of  600  can  be 
obtained  with  four  dynodes  and  3000  with 
five. 

Tubes  utilizing  these  principles  have 
been  made  with  considerable  success  by 
Dr.  W.  L.  Wilcock  of  the  Imperial  College 
of  Science  and  Technology  in  London. 
Wilcock's  tubes  have  cesium  antimony 
photocathodes,  five  potassium  chloride  dy- 
nodes, and  Pll  output  phosphors.  The 
cathode  is  1  cm  in  diameter,  and  the  reso- 
lution is  15  line  pairs  per  millimeter.  Ex- 
posures of  more  than  1  hour  can  be  made 
before  an  appreciable  background  due  to 
spurious  emission  within  the  tube  is  built 
up.  Photon  gains  as  high  as  8X104  have 
been  measured  with  these  tubes. 

In  order   to  evaluate   the   astronomical 


applications  of  these  tubes  Wilcock  and 
Baum  spent  six  weeks  in  the  spring  of 
1960  at  Lowell  Observatory.  A  five-stage 
tube  was  used  at  the  //16  Cassegrain  focus 
of  the  Morgan  telescope  to  photograph 
several  star  fields.  A  pair  of  50-mm  f/2 
lenses  front  to  front  imaged  the  phosphor 
screen  with  unity  magnification  onto  a 
photographic  plate.  It  was  found  that  the 
system  had  sufficient  gain  at  higher  volt- 
ages (30  kv  over-all)  to  make  many 
blackened  grains  per  photoelectron.  The 
speed  gains  at  these  voltages  were  of  course 
quite  large,  but  the  limiting  threshold 
magnitude  was  adversely  affected  both  by 
the  presence  of  spurious  images  and  by  the 
rapid  depletion  of  the  storage  capacity  of 
the  plates.  At  lower  voltages  (25  kv)  plates 
taken  by  Baum,  Tuve,  and  Wilcock  show 
a  10-fold  gain  over  direct  103a-O  plates  in 
the  recognition  of  threshold  images.  Ex- 
posures were  limited  to  15  minutes  on  fast 
plates  by  the  night-sky  background. 

In  order  that  the  Morgan  telescope  might 
be  used  for  spectroscopic  observations  with 
image  tubes  a  grating  spectrograph  was 
designed  by  Ford  and  built  at  the  De- 
partment of  Terrestrial  Magnetism  by 
Mr.  F.  J.  Caherty  and  Mr.  J.  G.  Lorz  under 
the  direction  of  Mr.  W.  F.  Steiner.  It 
utilizes  a  Bausch  and  Lomb  replica  grat- 
ing having  15,000  lines  per  inch  and  first- 
order  blaze  at  1  micron.  Lenses  were 
chosen  to  give  dispersions  that  were  suit- 
able for  classification  of  stellar  spectra  and 
for  exploration  in  the  infrared.  The  in- 
strument is  sufficiently  strong  and  rigid 
that  rather  heavy  image-tube  systems  can 
be  attached  to  it.  The  mechanical  arrange- 
ment is  such  that  the  spectrograph  cameras 
are  easily  interchanged.  Thus,  for  image- 
tube  work  an  assembly  consisting  of  the 
camera  lens,  image  tube,  relay  lens,  and 
plateholder  can  be  built  up  and  focused 
independently  of  the  spectrograph.  This 
feature  makes  work  with  experimental 
devices  very  convenient. 

In  June  1960,  Ford  and  Fredrick  col- 
laborating with  Dr.  G.  Goetz  and  Dr.  E.  J. 
Sternglass  of  the  Westinghouse  Research 
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Laboratories  made  a  series  of  evaluation 
tests  of  the  Westinghouse  transmission 
secondary  electron  multiplier  with  the 
DTM  spectrograph  on  the  Morgan  tele- 
scope. A  four-dynode  tube  having  a  25- 
microampere  per  lumen  Sll  photocathode 
and  a  settled  Pll  phosphor  was  tested.  As 
operated  previously  in  the  laboratory  this 
tube  had  a  resolution  of  15  line  pairs  per 
millimeter  and  a  photon  gain  of  10,000. 
In  these  tests  the  tube  was  sealed  along 
with  its  dynode-focusing  resistors  in  a 
potting  compound.  It  was  therefore  not 
possible  to  focus  each  dynode  individually, 
and  consequently  the  resolution  was  only 
7%  line  pairs  per  millimeter.  As  the  di- 
ameter of  the  photocathode  was  about 
25  mm,  there  were  about  185  resolvable 
linear  elements.  The  dynodes  were  barium 
fluoride  emitters  on  aluminum  supported 
by  a  mesh.  (Tubes  have  been  made  by 
Westinghouse  with  unsupported  dynodes.) 
The  tube  was  operated  at  16l/2  kv  across 
the  dynodes  and  7y2  kv  on  the  phosphor. 
The  photon  gain  at  this  voltage  was  ap- 
proximately 3000,  and  10-minute  exposures 
could  be  made  on  fast  plates  before  the 
background  due  to  spurious  emission  be- 
came objectionable.  The  400-  to  500-gauss 
magnetic  field  required  for  focusing  was 
provided  by  Indux  V  permanent  magnets 
having  adjustable  shunts. 

For  the  tests  on  the  telescope  the  photo- 
cathode of  the  tube  was  placed  at  the  focus 
of  the  12-inch  camera  of  the  DTM  spectro- 
graph and  the  phosphor  photographed  at  a 
4-to-l  reduction  with  an  //0.87  Super- 
Farron  lens.  The  dispersion  at  the  photo- 
cathode was  roughly  22  A/mm  at  Hy  and 
about  88  A/mm  on  the  plate. 

Exposures  were  made  on  several  kinds 
of  objects:  four  bright  standard  stars,  two 
shell  stars,  and  three  planetary  nebulae. 
It  was  found  that  if  no  allowance  is  made 
for  poor  resolution  the  image-tube  system 
was  about  150  times  faster  than  an  unaided 
plate.  This  rate-of-blackening  gain  must 
be  divided  by  about  (50/7) 2,  i.e.,  by  the 
square  of  the  ratio  of  the  resolution  of  the 
plate  to  the  resolution  of  the  tube.   The 


useful  gain  of  the  present  tube  is  therefore 
about  3.  For  normal  stellar  spectra,  where 
one  must  be  able  to  identify  weak  absorp- 
tion lines,  the  contrast  of  this  tube  was 
inadequate.  This  lack  of  contrast  may  be 
due  to  primary  electrons  penetrating  the 
dynodes,  and  so  it  may  be  worth  while 
in  future  tests  with  tubes  of  this  type  to 
try  to  optimize  the  ratio  of  emitted  second- 
ary electrons  to  penetrating  primaries.  The 
mesh  supporting  the  dynodes  appeared 
very  strongly  in  the  spectra  obtained. 

In  spite  of  the  rather  negative  results  of 
this  preliminary  work,  the  Westinghouse 
tube,  because  of  its  high  electron  multipli- 
cation, still  appears  promising.  Resolu- 
tions of  15  line  pairs  per  millimeter  have 
been  demonstrated  in  the  laboratory,  and 
if  provision  is  made  for  focusing  the  dy- 
nodes individually  this  resolution  can  be 
maintained  on  the  telescope.  If  the  con- 
trast can  be  improved,  a  resolution  of  15 
line  pairs  per  millimeter  should  provide 
useful  gains  greater  than  10  in  the  present 
tubes.  If  the  support  mesh  and  some  of 
the  spurious  emission  can  be  eliminated 
in  future  tubes  these  devices  will  be  of 
great  value  for  spectroscopic  work. 

The  Carnegie  Committee  made  its  first 
tests  of  television-type  tubes  in  1954  and 
1955.  The  tests  demonstrated  that  the 
tubes  available  at  that  time  had  certain 
fundamental  limitations  due  to  poor  stor- 
age capability  and  high  beam  noise.  The 
recent  development  of  image  orthicons 
with  targets  that  permit  long  integrations 
and  of  intensifier  orthicons  made  it  neces- 
sary to  re-examine  the  potentialities  of 
signal-generating  tubes.  This  task  was 
undertaken  by  Baum  and  Mr.  M.  J.  Kim- 
mel  in  cooperation  with  three  outside 
groups:  the  Smithsonian  Astrophysical 
Observatory,  the  Engineer  Research  and 
Development  Laboratories  of  the  U.  S. 
Army,  and  the  Librascope  Division  of 
General  Precision,  Incorporated.  These 
groups  generously  made  available  much 
of  the  equipment  and  manpower  required. 

The  first  experiments  were  made  in 
cooperation  with  the  Smithsonian  Astro- 
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physical  Observatory.  Their  cognizant 
astronomer  was  Dr.  J.  Allen  Hynek,  and 
their  engineer  was  Mr.  Gerard  Barton. 
Mr.  Barton  and  Mr.  Kimmel  spent  several 
weeks  at  Palomar  in  August  and  Septem- 
ber of  1959  and  later  they  worked  together 
for  about  a  week  at  Smithsonian's  satellite 
tracking  station  at  Las  Cruces,  New 
Mexico.  At  Palomar  their  observations 
were  made  at  the  Cassegrain  focus  of  the 
20-inch  reflector,  and  at  Las  Cruces  their 
tests  were  made  in  the  laboratory. 

The  Smithsonian  apparatus  was  an 
RCA  closed-circuit  television  system  for 
image  orthicons.  It  included  a  special  unit 
which  permitted  the  input  image  to  be 
integrated  and  stored  electrically  for  vari- 
ous lengths  of  time  on  the  orthicon  target. 
A  compressor-type  (Freon-22)  refrigeration 
system,  including  a  heat  exchanger  and  a 
coldbox  for  the  image  orthicon,  was  de- 
signed and  built  at  the  California  Institute 
of  Technology.  This  system  permitted  the 
target  to  be  maintained  at  various  moni- 
tored temperatures  while  images  were  ob- 
served. 

The  image  orthicon  used  with  the 
Smithsonian  apparatus  was  a  type  Z-5294 
made  by  General  Electric.  This  is  a  rela- 
tively new  type,  and  it  has  a  very  thin 
magnesium  oxide  target  that  stores  elec- 
trical charge  for  a  longer  time  than  ordi- 
nary glass  targets  do.  It  has  no  intensify- 
ing membranes;  it  consists  mainly  of  a 
photoemissive  cathode  (cesium  antimony), 
a  magnesium  oxide  target  for  receiving  the 
cathode-emitted  image,  an  electron  gun 
for  generating  an  electron  beam  to  "read" 
the  image  on  the  target,  and  an  electron 
multiplier  for  amplifying  the  signal  beam 
reflected  by  the  target.  In  other  words, 
except  for  the  new-type  target,  the  Z-5294 
is  a  conventional  image  orthicon. 

At  the  20-inch  telescope  the  images  of 
star  clusters  were  observed  both  with  the 
image  orthicon  and  with  unaided  photog- 
raphy in  order  to  compare  the  thresholds 
reached  in  various  exposure  (integration) 
times.  The  focal  ratio  of  the  Cassegrain 
focus  is  //12.7,  and  the  scale  is  33  seconds 


of  arc  per  millimeter.  Thus,  the  raster 
of  the  image  orthicon  covered  an  area 
about  13  minutes  of  arc  wide  with  a  resolu- 
tion at  very  low  light  levels  of  about  8 
seconds  of  arc.  The  output  images  on  the 
kinescope  screen  were  photographed  on 
Eastman  Plux-X  film  with  a  35-mm 
camera,  which  easily  resolved  the  262  non- 
interlaced scan  lines  of  the  raster. 

Two  methods  of  image  integration  were 
tried  with  the  Smithsonian  apparatus  at 
Palomar.  One  consisted  of  shutting  off  the 
reading  beam  and  permitting  the  image  to 
accumulate  electrically  on  the  target  for  a 
desired  integration  time.  The  accumulated 
image  was  then  read  with  a  single  raster 
scan  of  the  reading  beam,  after  which  the 
image  was  again  permitted  to  accumulate 
electrically  on  the  target  for  the  same  in- 
tegration time.  For  any  particular  integra- 
tion time,  ten  or  more  successive  integra- 
tions and  readouts  were  usually  allowed  to 
pass  before  the  kinescope  was  photo- 
graphed. During  this  time,  the  target  ap- 
proached an  input-output  equilibrium 
while  the  beam  was  adjusted  to  an  opti- 
mum setting.  In  short,  for  each  integra- 
tion time,  a  single  scan  was  photographed 
after  many  similar  scans  had  occurred. 

Although  the  integration  interval  be- 
tween scans  was  varied,  the  speed  of 
scanning  was  always  the  same.  All  things 
considered,  it  is  doubtful  that  a  different 
speed  of  scanning  alone  would  have  yielded 
any  substantial  gain.  If  the  scanning  were 
slower,  for  instance,  the  advantage  of  a 
narrower  amplifier  bandwidth  would  be 
approximately  offset  by  the  associated  de- 
crease in  signal  current. 

The  other  method  of  integration  con- 
sisted of  superimposing  a  number  of  suc- 
cessive scans  photographically,  simply  by 
keeping  the  kinescope  camera  shutter  open 
during  the  desired  number  of  readouts. 
Various  combinations  of  target  integration 
and  photographic  integration  were  tried. 

The  threshold  magnitude  reached  in 
single-scan  readouts  was  found  to  be  pro- 
portional to  2.5  times  the  logarithm  of  the 
integration  time.  In  other  words,  the  plot 
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of  threshold  magnitude  versus  log  t  was 
a  straight  line.  This  linear  relationship 
held  for  integration  times  from  1/30  second 
up  to  about  4  seconds.  Beyond  that,  the 
threshold  gain  seemed  to  be  less  steep, 
but  there  is  a  possibility  that  the  adjust- 
ments of  the  apparatus  may  have  been 
less  close  to  optimum  for  long  integration 
times  than  for  short  ones.  These  adjust- 
ments became  more  difficult  to  make,  be- 
cause they  depended  upon  a  visual  judg- 
ment of  image  quality  when  the  picture 
was  flashed  on  the  kinescope  for  only  an 
instant,  with  a  long  dark  interval  from 
each  flash  to  the  next.  Moreover,  the  ap- 
proach of  the  target  to  input-output  equi- 
librium may  have  been  incomplete  when 
the  long-integration  scans  were  photo- 
graphed; consequently,  the  results  for  in- 
tegrations longer  than  4  seconds  cannot  be 
directly  compared  with  those  less  than  4 
seconds. 

The  single-scan  thresholds  for  various 
integration  times  at  —  40  °F  systematically 
excelled  those  at  4-60°F  by  0.75  magni- 
tude. The  thresholds  at  intermediate  tem- 
peratures fell  in  between  and  suggested 
that  the  temperature  dependence  might 
be  tending  to  approach  a  limit  at  the  cold 
end  of  the  range. 

But  the  Palomar  results  with  the  Smith- 
sonian apparatus  were  puzzling;  they  were 
much  too  good.  Threshold  images  were 
apparently  being  recorded  with  integra- 
tions 110  times  shorter  than  the  exposures 
required  by  unaided  photography. 

Two  questions  seem  pertinent:  Is  the 
signal-to-noise  ratio  of  the  apparent  image- 
orthicon  threshold  lower  than  the  signal- 
to-noise  ratio  of  the  apparent  photographic 
threshold?  Is  the  orthicon  target  "mem- 
orizing" in  such  a  manner  that  it  reports 
the  same  information  redundantly? 

It  has  previously  been  estimated  that 
the  signal-to-noise  ratio  is  about  5  for  star 
images  normally  regarded  as  representing 
the  threshold  of  a  typical  unaided  photo- 
graph. These  threshold  images  stand  up 
above  the  mean  background  about  5  times 
the   root-mean-square   fluctuation   of   the 


background.  The  grains  are  typically 
small  in  comparison  with  image  diame- 
ters. With  such  a  favorable  signal-to-noise 
ratio,  the  probability  of  encountering  a 
false  image  is  practically  nil  (less  than 
10-6).  On  photographs  made  with  the 
image-orthicon  system,  however,  the 
"grains"  are  much  coarser  in  comparison 
with  image  diameters,  and  a  faint  star  calls 
itself  to  one's  attention  at  a  relatively  poor 
signal-to-noise  ratio.  We  must  therefore 
expect  that  false  images  of  the  same  ap- 
parent strength  have  a  high  probability  of 
being  encountered.  By  inspection  of  the 
orthicon  photographs,  we  estimate  that 
there  is,  in  fact,  one  such  false  image 
per  several  hundred  image  elements.  The 
corresponding  signal-to-noise  ratio  is  about 
3.  This  means  that  a  star  5/3  brighter  (0.5 
magnitude)  than  the  apparent  threshold 
should  be  comparable  in  statistical  cer- 
tainty with  threshold  images  of  accepted 
quality  on  unaided  photographs.  It  follows 
that  the  number  of  grains  per  background 
element  with  the  image  orthicon  would, 
in  principle,  need  to  be  increased  by  a 
factor  of  (5/3) 2  if  its  threshold  images 
were  to  be  equal  in  quality  to  those  ac- 
cepted as  threshold  on  unaided  photo- 
graphs. Accordingly,  the  apparent  image- 
orthicon  gain  of  110  would  at  the  outset 
be  reduced  to  40. 

In  order  to  investigate  the  second  ques- 
tion (target  memorization),  Kimmel 
spent  a  week  with  Barton  at  Las  Cruces 
where  artificial  stars  and  an  artificial  back- 
ground were  projected  onto  the  photo- 
cathode  of  the  same  image  orthicon  tested 
at  Palomar.  Their  results  suggested  that 
the  image  has  a  strong  tendency  to  "stick" 
to  the  target.  When  the  photocathode  was 
initially  exposed  to  the  artificial  stars,  the 
image  on  the  target  was  found  to  grow 
in  strength  during  the  first  ten  or  more 
readouts.  Similarly,  when  the  artificial 
stars  were  cut  ofif,  many  subsequent  scans 
were  required  before  the  target  image  was 
erased. 

What  we  are  really  interested  in  know- 
ing is  how  much  new  information  is  re- 
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corded  per  scan,  because  contemplated 
astronomical  applications,  such  as  stellar 
spectroscopy,  would  involve  long  expo- 
sures with  many  scans.  The  final  summed 
information  content  of  a  composite  multi- 
scan  image  will  not  be  helped  by  any  scan- 
to-scan  redundancy  that  may  be  present. 
In  relationship  to  the  amount  of  new  in- 
formation per  scan,  the  amount  of  infor- 
mation presented  after  many  scans  is  an 
overestimate,  whereas  the  amount  of  in- 
formation observed  after  the  first  scan 
(about  3  magnitudes  fainter)  may  be  an 
underestimate.  It  was  not  possible  to  reach 
the  desired  answer  from  the  data  obtained 
with  the  Smithsonian  equipment. 

In  an  effort  to  re-examine  the  problem, 
a  second  series  of  experiments  was  under- 
taken in  cooperation  with  the  Engineer 
Research  and  Development  Laboratories 
of  the  U.  S.  Army.  Their  cognizant  sci- 
entist was  Mr.  Myron  W.  Klein,  and  his 
assistant  was  Mr.  James  Parton.  Mr.  Par- 
ton  and  Mr.  Kimmel  spent  three  weeks  at 
Palomar  in  June  1960  with  the  ERDL 
equipment  attached  to  the  Cassegrain 
focus  of  the  20-inch  reflector.  Klein  and 
Baum  joined  in  the  work  during  the 
last  week,  and  Dr.  George  A.  Morton  of 
the  Princeton  RCA  Laboratories  also 
worked  with  us  during  the  last  two  nights. 
We  not  only  tried  Z-5294  image  orthicons 
(similar  to  the  Smithsonian  tube)  but  also 
made  observations  with  two  intensifier 
orthicons,  one  having  a  glass  target  and  the 
other  a  magnesium  oxide  target. 

The  ERDL  apparatus  was  an  RCA 
closed-circuit  television  system  somewhat 
similar  to  the  Smithsonian  apparatus.  It, 
too,  included  a  unit  that  permitted  the  in- 
put image  to  be  integrated  and  stored 
electrically  on  the  orthicon  target. 

Observations  with  the  ERDL  apparatus 
were  made  in  several  different  ways.  The 
storage  mode  with  single  scans  was  the 
same  procedure  used  with  the  Smithsonian 
equipment.  The  input  image  was  incident 
upon  the  cathode  continuously.  The  target 
of  the  Z-5294  was  swept  periodically  with 


a  single  scan  having  a  duration  of  Yso  sec- 
ond. The  length  of  time  between  succes- 
sive scans  ranged  from  %o  second  up  to 
16  seconds.  Threshold  photovisual  magni- 
tudes reached  at  —  40  °C  were,  for  example, 
as  shown  in  table  1.  These  thresholds  are 
relatively  conservative;  they  are  arbitrarily 
quoted  0.5  magnitude  brighter  than  the 
faintest  traces  of  images  that  could  be  rec- 
ognized at  known  positions  in  the  field. 
The  thresholds  (similarly  defined)  reached 
with  the  Smithsonian  Z-5294  were  about 
0.5  magnitude  fainter  than  the  values 
above. 

The  storage  made  with  multiple  scans 
consisted  of  periods  of  target  integration 
alternated  with  equal  periods  of  continu- 


TABLE  1 

Interval 

between  Scans, 

sec 

Threshold,  V 

1 

4 

16 

13.5 
14.9 
16.2 

ous  scanning.  Thus,  for  instance,  a  4-sec- 
ond  interval  of  target  integration  would  be 
followed  by  4  seconds  of  continuous  scan- 
ning (4X30  =  120  scans),  after  which  the 
cycle  was  repeated  again  and  again.  The 
input  image  was  falling  on  the  photo- 
cathode  continuously.  Owing  to  the  burst 
of  continuous  scanning,  each  integration 
interval  was  commenced  with  a  relatively 
(but  not  perfectly)  clean  target.  At  the 
end  of  the  integration  interval,  most  of  the 
accumulated  information  was  read  ofT  in 
the  first  few  scans  of  the  burst  following  it. 
In  photographing  the  kinescope,  the  op- 
erator of  the  35-mm  camera  opened  the 
shutter  before  the  beginning  of  a  burst  of 
scans  and  closed  it  again  as  quickly  as  he 
could  respond  after  the  burst  commenced. 
If  his  reaction  time  was  0.2  second,  he 
probably  caught  about  6  readouts.  Most  of 
the  target  information  should  therefore  be 
recorded,  but  the  noise  should  be  2.5  times 


COMMITTEE  ON  IMAGE  TUBES  FOR  TELESCOPES        303 


that  associated  with  a  single  scan.  By 
adding  1  magnitude  to  the  observed 
threshold,  we  thereby  obtain  a  very  rough 
estimate  of  what  the  threshold  would  have 
been  if  all  the  target  information  had  been 
read  out  in  a  single  scan.  This  also  repre- 
sents approximately  the  information  rate 
we  seek,  i.e.,  the  amount  of  new  informa- 
tion per  integration  interval.  The  data 
are  shown  in  table  2.  Observations  were 
made  at  three  temperatures,  +60°,  +20°, 
and  —  40 °F;  and  the  results  were  quite 
similar  for  all  three.  The  data  shown  are 
mean  values. 

We  note  that  the  thresholds  in  table  1 
are  not  fainter  than  those  in  the  third 
column   of   table   2.    This   result   implies 

TABLE  2 


TABLE  3 


Estimated 

Integration 

Observed 

Threshold  if 

Time,  sec 

Threshold,  V 

All  in 
Single  Scan 

1 

12.6 

13.6 

4 

14.3 

15.3 

16 

15.5 

16.5 

that  the  storage  mode  yielding  table  1  does 
not  suffer  from  the  redundancy  suspected. 
Of  the  two  intensifier  orthicons  tested, 
the  first  had  a  magnesium  oxide  target. 
It  differed  from  the  Z-5294  in  having  an 
intensifying  membrane  between  the  pri- 
mary photocathode  and  the  target.  This 
membrane  is  a  phosphor-photocathode 
sandwich  upon  which  electrons  from  the 
primary  photocathode  are  focused.  Photo- 
electrons  from  the  sandwich  are  in  turn 
focused  onto  the  target,  where,  as  in  the 
Z-5294,  they  eject  secondaries,  leaving  a 
net  positive  charge.  Each  primary  photo- 
electron  ejected  by  the  incident  optical 
image  at  the  primary  photocathode  prob- 
ably results  in  about  100  electrons  being 
kicked  out  of  the  target.  Thus  each  pri- 
mary photoelectron  is  represented  at  the 
target  by  a  charged  dot.  These  dots  of 
charge  are  not  strong  enough  to  stand  out 
individually  against  beam  noise  and  ampli- 


Interval 

between  Scans, 

Threshold,  V 

sec 

1/30 

12.5 

1/15 

13.0 

1/2 

14.0 

1 

14.3 

4 

14.3 

fier  noise,  but  their  summed  effect  yields 
an  image  that  is  not  severely  degraded  by 
beam  or  amplifier  noise. 

The  foregoing  description  is  based  upon 
theoretical  expectation.  In  practice,  the  ad- 
vantage of  the  intensifier  orthicon  over 
the  Z-5294  was  found  to  depend  upon  in- 
tegration time.  At  %o  second,  the  thresh- 
old of  the  intensifier  orthicon  was  about  2 
magnitudes  fainter  than  that  of  the  Z-5294; 
at  2  seconds,  the  thresholds  were  nearly 
equal;  beyond  that,  the  Z-5294  was  ahead. 
Very  likely  this  behavior  is  not  funda- 
mental, in  the  sense  that  another  intensi- 
fier orthicon  having  different  target  char- 
acteristics might  stay  ahead  of  the  Z-5294 
over  the  whole  range  of  practical  integra- 
tion times.  In  other  words,  the  2-magni- 
tude  advantage  of  the  intensifier  orthicon 
at  "Vzo  second  is  of  more  basic  interest  than 
the  lack  of  an  advantage  at  long  integra- 
tion times. 

Thresholds  recorded  by  the  storage  mode 
with  single  scans  are  shown  in  table  3. 
These  data  may  be  compared  with  those 
for  the  Z-5294  in  table  1. 

Similar  threshold  data  were  obtained 
with  an  intensifier  orthicon  having  a  glass 
target  and  operated  under  identical  con- 
ditions. For  short  integration  times,  this 
glass-target  tube  was  about  0.6  magnitude 
less  sensitive  than  the  magnesium  oxide- 
target  tube.  Thresholds  were  as  shown  in 
table  4;  the  data  may  be  compared  with 
those  in  tables  1  and  3.  Thresholds  ob- 
tained with  unaided  photography  under 
the  same  conditions  were  as  given  in 
table  5. 
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TABLE  4 


Interval 

between  Scans, 

Threshold,  V 

sec 

1/30 

1/8 
1/2 
1 

11.9 
12.7 
13.5 
13.9 

4 

14.3 

16 

14.5 

For  the  reason  already  discussed,  the  rec- 
ognized photographic  thresholds  corre- 
spond to  a  signal-to-noise  ratio  of  roughly 
5,  whereas  the  thresholds  of  tables  1 
through  4  correspond  to  a  signal-to-noise 
ratio  of  roughly  3.  The  hypothetical  expo- 
sure times  for  3o  in  the  third  column  of 
table  5  differ  from  those  in  the  first  column 
by  a  factor  of  (5/3) 2.  These  values  provide 
a  suitable  basis  of  comparison  with  the 
data  in  tables  1  through  4. 

For  the  storage  mode  with  single  scans, 
the  Z-5294  of  table  1  is  accordingly  found 
to  exhibit  a  16-fold  speed  gain  over  un- 
aided photography.  At  %o  second,  the 
corresponding  speed  gain  of  the  mag- 
nesium oxide-target  intensifier  orthicon  of 
table  3  is  190-fold;  that  of  the  glass-target 
intensifier  orthicon  of  table  4  is  110-fold. 

The  third  and  final  series  of  experiments 
with  signal-generating  tubes  was  made  in 
cooperation  with  the  Librascope  Division 
of  General  Precision,  Incorporated,  in  July. 
A  General  Precision  closed-circuit  televi- 
sion system  made  available  by  the  GPL 
Division  was  mounted  at  the  Cassegrain 
focus  of  the  20-inch  reflector.  The  purpose 
of  the  test  was  to  compare  the  performance 
of  a  signal-generating  tube  of  the  photo- 

TABLE  5 


ffiS    Threshold> v 


Estimated 

Exposure 

Time  for 

3a,  sec 


600 
1200 


16.4 
17.0 


216 
432 


conductive  type  (vidicon)  with  those  of 
the  photoemissive  type  (image  orthicon) 
tested  earlier.  Although  it  was  recognized 
in  advance  that  the  vidicon  could  not  be 
expected  to  equal  the  image  orthicon  in 
most  astronomical  applications,  recent  im- 
provements in  vidicons  made  it  of  interest 
to  examine  their  status.  Vidicons  require 
much  less  associated  equipment  than 
image  orthicons. 

The  cognizant  engineer  for  Librascope 
was  Mr.  Ronald  Spriestersbach,  and  his 
technician  was  Mr.  G.  P.  Markham.  Mark- 
ham  and  Kimmel  spent  four  nights  at 
Palomar  in  July,  and  Spriestersbach  joined 
the  work  during  the  last  night.  Threshold 
observations  were  made  not  only  against 
the  night  sky  but  also  (for  the  benefit 
of  Librascope)  through  twilight  and  into 
daylight.  Sky  brightnesses  were  measured 
concurrently  with  a  photoelectric  photom- 
eter mounted  alongside  the  vidicon. 

The  vidicon  was  a  relatively  recent  type, 
ML-7351,  made  by  Machlett  Laboratories. 
The  spectral  response  was  redder  than  that 
of  more  common  types.  With  low  operat- 
ing voltages,  the  peak  response  of  the 
ML-7351  occurs  at  about  6000  A  with  50 
per  cent  points  at  5500  and  6500  A,  and  it 
shifts  slightly  redward  with  increasing 
voltage.  Under  an  operating  condition 
yielding  a  dark  current  of  0.02  micro- 
ampere, a  photoconductive  signal  current 
of  the  same  amount  is  produced  by  a 
cathode  illumination  of  0.013  foot-candle. 
Under  an  operating  condition  yielding  a 
dark  current  of  0.08  microampere,  a  pho- 
toconductive signal  current  of  the  same 
amount  is  produced  by  0.04  foot-candle. 
Although  the  dark  current  increases  more 
rapidly  than  the  signal  current  when  volt- 
ages are  increased,  the  granulation  of  the 
picture  tends  to  decrease  at  the  same  time. 
The  optimum  adjustment  is  therefore  a 
compromise. 

The  dark-sky  threshold  of  the  ML-7351 
with  continuous  scanning  (i.e.,  Ho  -second 
integration  time)  was  Vo  —  65  magnitude. 
It  was  therefore  3.3  magnitudes  less  sensi- 
tive than  the  Z-5294  image  orthicon,  and 


COMMITTEE  ON  IMAGE  TUBES  FOR  TELESCOPES        305 


it  was  very  nearly  on  a  par  with  unaided 
photography  at  3c.  We  were  not  equipped 
to  shut  off  the  scanning  beam  and  try  in- 
tegrating for  longer  times.  During  twi- 
light the  threshold  changed  very  slowly; 
it  was  still  possible  to  reach  Vo=42  mag- 
nitude in  broad  daylight  more  than  2  hours 
after  sunrise.  The  threshold  at  night  was 
evidently  limited  by  the  dark  current, 
whereas  the  daytime  threshold  was  limited 
by  the  bright  sky.  In  neither  case  were 
photoelectron  statistics  of  importance. 

These  tests  suggest  that  signal-generat- 
ing tubes,  perhaps  with  more  sophisticated 
circuitry,  may  be  useful  in  certain  astro- 
nomical applications.  Because  of  the  stor- 
age and  noise  characteristics  of  these  tubes, 


however,  it  appears  that  for  most  low- 
light-level  work  the  intensifier-type  image 
tube  is  at  this  time  a  more  promising 
device. 

The  development  and  testing  of  image 
tubes  by  the  Carnegie  Committee  have 
been  supported  to  a  large  extent  by  a  gen- 
erous grant  from  the  National  Science 
Foundation.  This  report  was  prepared  by 
Dr.  Kent  Ford,  staff  member  of  the  De- 
partment of  Terrestrial  Magnetism,  who 
has  personally  participated  in  all  the  astro- 
nomical activities  described  above  and  has 
handled  the  detailed  technical  negotia- 
tions with  all  the  industrial  laboratory 
groups.  The  Committee  gratefully  ac- 
knowledges its  indebtedness  to  Dr.  Ford. 
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INTRODUCTION 


The  different  forms  of  chlorophyll  a  that 
occur  in  living  plants  have  been  a  major 
interest  of  the  Department  for  several 
years.  The  primary  question  around  which 
much  of  this  year's  work  has  centered  is 
whether  or  not  these  different  forms  of 
chlorophyll  a  all  participate  in  photosyn- 
thesis, and,  if  so,  in  what  manner. 

It  was  found  that  at  least  two  of  the 
forms  of  chlorophyll  a  function  differently. 
Recent  data  from  the  Department  and 
from  other  laboratories  support  the  idea 
that  photosynthesis  involves  two  different 
photochemical  reactions  driven  by  differ- 
ent pigments.  Only  when  both  reactions 
are  proceeding  in  the  correct  proportion  is 
the  maximum  rate  of  photosynthesis 
achieved. 

This  two-pigment  mechanism  may  be 
an  essential  part  of  the  process  of  photo- 
synthesis, or  it  may  only  be  involved  in  the 
Emerson  enhancement  effect,  which  is  the 
increase  in  rate  of  photosynthesis  by  two 
wavelengths  given  together  over  the  sum 
of  the  rates  measured  separately.  En- 
hancement requires  the  absorption  of  light 
by  two  different  pigments,  one  of  which, 
at  least  in  green  plants,  is  the  long-wave- 
length form  of  chlorophyll  a,  Ca695,  the 
other  of  which  may  be  any  of  the  so-called 
accessory  pigments.  The  cooperation  of 
two  separate  pigments  in  photosynthesis 
appears  to  underlie  several  different  effects 
not  otherwise  understandable  on  a  com- 
mon basis. 

One  of  the  phenomena,  evidently  in- 
compatible with  the  idea  of  a  single  photo- 
chemical primary  reaction,  was  found  this 
year  by  Mr.  McLeod.  This  is  the  fact  that 
monochromatic  light  of  saturating  in- 
tensity gives  a  rate  of  photosynthesis  that 
varies  with  wavelength.  A  plot  of  the  rate 
of  photosynthesis  by  Chlorella  at  saturat- 
ing intensities  of  different  wavelengths 
gave  a  peak  at  650  mu  corresponding  to 
chlorophyll  b  absorption,  whereas  at  low 
intensity  of  monochromatic  light  the  peak 


position  of  the  action  spectrum  is  at  about 
680  mu.  The  difference  in  the  shapes  of 
the  low-  and  the  high-intensity  action 
spectra  appears  to  be  caused,  in  some  way 
not  yet  understood,  by  the  enhancement 
effect  of  activating  two  different  pigments 
together. 

The  accessory  pigments  whose  activa- 
tion makes  possible  the  utilization  of  light 
absorbed  by  long-wavelength  forms  of 
chlorophyll  a  are  chlorophylls  b  and  c,  the 
phycobilin  proteins,  some  carotenoids,  and 
in  certain  cases  one  of  the  forms  of 
chlorophyll  a,  Ca673.  The  unexpected 
function  of  Ca673  as  an  "accessory  pig- 
ment" was  discovered  by  Professor  Myers 
and  described  in  last  year's  report.  This 
complementary  function  of  two  chloro- 
phyll a  forms,  Ca673  and  Ca695,  has  been 
confirmed  by  enhancement  experiments 
with    algae   lacking   chlorophyll   b. 

In  some  cultures  of  algal  species  that 
ordinarily  gave  positive  results,  no  en- 
hancement was  detected  when  appropriate 
wavelengths  were  combined.  It  was  there- 
fore suspected  that  the  metabolic  state 
of  the  material  might  have  a  bearing  on 
the  amount  of  enhancement  attainable. 
To  test  this  possibility,  Mr.  McLeod  in- 
vestigated the  effect  of  phosphate  defi- 
ciency on  Chlorella.  Algae  depleted  in 
phosphate  gave  no  enhancement.  The  de- 
ficient cells  can  be  reactivated  to  give 
even  more  than  the  normal  amount  of 
enhancement  by  treatment  for  a  few  hours 
with  pyrophosphate.  One  of  the  reactions 
leading  to  the  enhancement  effect  there- 
fore appears  to  be  involved  in  phosphate 
metabolism.  Whether  or  not  the  well 
known  photophosphorylation  reaction  is 
one  of  the  two  reactions  responsible  for 
the  enhancement  effect,  and  is  driven  by 
a  different  pigment  system  from  the  re- 
action forming  the  reducing  power,  may 
be  decided  when  further  biochemical  ex- 
perimentation with  appropriately  chosen 
wavelengths  is  carried  out. 
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The  study  of  the  factors  controlling  the 
relative  proportions  of  the  different  forms 
of  chlorophyll  in  algae  has  been  continued 
by  Dr.  Brown.  The  production  of  larger 
proportions  of  Ca695  in  cultures  grown  at 
low  light  intensity,  previously  found  in 
En  glen  a,  has  also  been  observed  in  other 
algae.  Under  the  conditions  favoring 
Ca695  accumulation,  the  amount  of  chloro- 
phyll per  cell  is  substantially  increased. 
Cells  with  appreciable  amounts  of  Ca695 
have  occasionally  been  found  to  change 
this  pigment  into  a  substance  absorbing  at 
707  mu.  This  707-mu  absorption  band  has 
been  observed  in  many  cultures  of  Euglena 
and,  in  collaboration  with  Dr.  Allen,  in 
Ochromonas,  but  the  conditions  causing  its 
appearance  have  not  been  clarified.  This 
unusually  long-wavelength  absorption 
band  appears  to  belong  to  a  complex  of 
pheophytin,  but  it  has  not  yet  been  pro- 
duced in  controlled  experiments  by  acid 
treatment  of  cells  or  extracts.  Whether 
it  is  a  degradation  product  of  chlorophyll 
a  or  a  functional  pigment  is  still  unknown. 

Dr.  Frei  has  greatly  improved  the  de- 
rivative absorption  spectra  used  to  identify 
the  different  forms  of  chlorophyll  a  in  live 
cells  by  making  the  measurements  at  very 
low  temperature,  about  —  180°C,  which 
sharpens  the  individual  bands.  Many 
spectra  that  were  unresolvable  when 
measured  at  room  temperature  showed 
clearly  identifiable  separation  of  the  com- 
ponents at  the  low  temperature. 

Protochlorophyll  holochrome  particles 
are  postulated  by  Dr.  Smith  and  Miss 
Coomber  to  have  the  protochlorophyll 
attached  to  its  protein  through  several 
different  types  of  linkage.  The  evidence 
for  their  conclusion  is  twofold.  A  study 
of  the  inactivation  of  the  transformation 
reaction  of  protochlorophyll  to  chlorophyll 
showed  that  different  fractions  of  the  ma- 
terial were  decomposed  by  standing  at 
various  degrees  of  alkalinity.  A  related 
set  of  measurements  of  the  total  extent 
of  transformability  by  different  ultraviolet 
wavelengths   by    Mr.   McLeod   and   Miss 


Coomber  showed  that  discrete  fractions 
of  the  total  pigment  were  transformable 
at  certain  wavelengths  regardless  of  the 
exposure  time. 

It  appears  that  some  of  the  protochloro- 
phyll is  attached  to  the  protein  carrier 
through  aromatic  amino  acids  that  can 
transfer  the  ultraviolet  energy  they  absorb 
to  the  closely  attached  protochlorophyll 
but  not  to  more  distant  pigment  molecules. 
Other  protochlorophyll  molecules  are 
attached  to  nonaromatic  amino  acids 
which  do  not  absorb  appreciably  in  the 
ultraviolet:  titration  curves  suggest  that 
these  may  be  lysine  or  cysteine  or  both. 

In  a  study  of  pigment  formation,  Dr. 
Habermann  found  a  green  coloring  ma- 
terial in  alkaline  extracts  of  sunflower 
leaves.  This  pigment,  called  allagochrome, 
had  presumably  been  overlooked  previ- 
ously because  its  solutions  have  much  the 
same  appearance  as  those  of  chlorophyll 
and  its  derivatives.  The  new  pigment, 
however,  is  water  soluble  and  turns  red  in 
acid.  It  appears  to  be  a  common  constitu- 
ent of  various  leaves. 

The  production  of  antibacterial  and 
growth-stimulatory  substances  by  algae 
and  the  influence  of  light  intensity  and 
temperature  on  pigment  formation  and 
growth  of  a  diatom  were  investigated  by 
Dr.  }0rgensen. 

The  current  effort  of  the  Experimental 
Taxonomy  group  is  focused  primarily  on 
the  comparative  physiology  of  contrasting 
ecological  races  of  Mimulus.  Combined 
cytogenetic  and  transplant  studies  on 
Mimulus  cardinalis  and  closely  related  spe- 
cies have,  during  the  year,  further  ad- 
vanced our  understanding  of  genetic  and 
biological  relationships  between  climatic 
races.  This  work  is  closely  correlated  with 
laboratory  investigations  of  the  compara- 
tive physiology  of  these  plant  races. 

The  laboratory  measurements  designed 
to  bear  on  the  questions  of  climatic  toler- 
ance of  the  various  races  as  determined  in 
the  field  stations  have  progressed  in  ac- 
cordance with  the  plans  outlined  last  year. 
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Such  experiments  by  Dr.  Hiesey  and  Mr. 
Milner  have  shown  appreciable  differences 
in  photosynthetic  response  between  indi- 
vidual plants  of  the  same  climatic  race. 
These  individual  differences,  however,  are 
smaller  than  the  differences  between 
distinct  climatic  races. 

A  coastal  race  of  M.  cardinalis,  when 
grown  at  20  °C  in  controlled  cabinets, 
yielded  approximately  twice  as  much  dry 
weight  over  a  6-week  period  as  clones  of 
the  same  individual  grown  at  10° C.  A 
mid-Sierran  race  from  4000-feet  elevation 
showed  an  increase  only  about  half  as  great, 
and  a  third  race  from  the  San  Gabriel 
Mountains  at  7800-feet  altitude  gave  a  neg- 
ligible increase  at  the  higher  temperature. 
Under  the  same  conditions  two  races  of 
Mimulus  lewisii  behaved  like  the  coastal 
race  of  Mimulus  cardinalis.  One  of  these 
from  6300-feet  and  another  from  11,000- 
feet  elevation  doubled  their  growth  at  the 
higher  temperature.  When  grown  in 
cabinets  in  artificial  light  at  2000  foot- 
candles  intensity  and  at  constant  controlled 
temperatures  of  either  10°  or  20  °C,  or  in 
the  greenhouse  under  natural  daylight  at 
uncontrolled  temperatures,  these  races 
maintained  the  same  optimal  temperatures 
and  the  same  saturating  light  intensity  for 
photosynthesis. 

Three  races  of  Mimulus  were  compared 
as  to  their  response  to  different  levels  of 
carbon  dioxide  in  the  air.  Two  growth 
chambers  were  maintained  for  4  weeks 
at  several  times  ordinary  air  concentrations 
and  at  ordinary  air  concentrations  (ap- 
proximately 300  ppm)  of  carbon  dioxide. 
Both  were  kept  at  the  same  temperature 
(20 °C)  and  exposed  to  the  same  light 
intensity  (2000  foot-candles).  Under  these 
conditions  the  lowland  races  from  Baja 
California  and  Los  Trancos  Creek  in  cen- 
tral California  showed  a  definite  stimula- 
tion in  growth  at  the  higher  carbon  dioxide 
concentration,  whereas  the  mid-Sierran 
Yosemite  race  from  4000-feet  elevation  was 
inhibited. 

Laboratory    measurements    of    the    re- 


sponse of  photosynthesis  appear  to  be  re- 
lated to  these  results  on  plant  growth. 
Differences  in  photosynthetic  response  to 
high  (1500  ppm)  and  low  (425  ppm)  con- 
centrations of  carbon  dioxide  were  ob- 
served in  these  same  altitudinal  races  of 
Mimulus  cardinalis.  The  lowland  races, 
Baja  California  and  Los  Trancos,  can  uti- 
lize the  high  carbon  dioxide  concentrations 
to  enhance  their  photosynthetic  rate  over 
sustained  periods  of  time  (12  hours),  but 
the  race  from  Yosemite  reduced  its  initial 
rate  sharply  after  a  few  hours  to  a  rate  no 
higher  than  that  normal  for  this  race  at 
ordinary  air  concentrations. 

Survival  of  a  species  in  nature  not  only 
depends  on  the  climatic  requirements  of 
the  mature  plant  but  also  is  influenced  by 
the  environmental  factors  affecting  both 
seed  germination  and  competitive  selection 
of  the  young  seedlings.  Segregating  second- 
generation  progeny  of  a  cross  between  a 
coastal  form  of  M.  cardinalis  and  an  alpine 
form  of  M.  lewisii  were  subjected  by  Dr. 
Nobs  to  rigorous  selection  during  seedling 
stages  at  the  Timberline  transplant  station. 
The  self-selected  plants  were  compared  in 
their  survival  capacity  as  transplants  with 
a  similar  lot  of  second-generation  plants 
of  the  same  parentage  from  seedlings 
germinated  and  established  at  Stanford. 
In  the  sample  subjected  to  the  early  rigor- 
ous seedling  selection  at  Timberline,  it 
was  observed  this  year  that  there  is  a  sig- 
nificantly higher  percentage  of  survival  at 
the  alpine  station  than  in  the  lot  selected 
at  random  from  those  germinated  at  Stan- 
ford. The  difference  is  not  overwhelm- 
ingly large,  however,  since  more  than  60 
per  cent  of  the  Stanford-established  plants 
have  survived  over  two  winters  as  trans- 
plants at  the  alpine  station.  This  result  in- 
dicates the  high  degree  to  which  physio- 
logical characteristics  important  for  sur- 
vival are  buffered  in  hybrid  progeny 
through  the  complementary  action  of  the 
recombined  genes  in  the  contrasting  races. 
The  relation  between  specific  genetically 
controlled   morphological   characters   and 


312 


CARNEGIE  INSTITUTION  OF  WASHINGTON 


growth  responses  of  cloned  individual 
plants  at  the  three  altitudinal  stations  is 
being  studied  further. 

The  general  validity  of  the  results  of  the 
detailed  study  of  certain  Mimulus  species 
can  be  established  only  by  extension  of  the 
data  to  other,  related  species.  The  search 
for  suitable  new  plant  material,  therefore, 
goes  on  continuously.  In  this  study,  M. 
verbenaceus,  a  species  occurring  in  Utah 
and  Arizona,  has  been  found  to  cross 
readily  with  both  M.  lewisii  and  M. 
cardinalis,  but  the  Fi  hybrids  have  reduced 
fertility.  Chromosomal  pairing  in  the  hy- 
brids is  essentially  regular,  indicating  a 
close  relationship  between  the  three  spe- 
cies. All  three  species  are  diploid  with 
n  =  S  chromosomes.  New  recombination 
products  between  the  three  species  may  be 
useful  material  for  study  in  the  physiologi- 
cal investigation. 

Parental  and  hybrid  strains  of  Poa 
originally  developed  at  Stanford  and 
grown  in  Norway  for  several  generations 
by  seed  have  been  returned  to  Dr.  Clausen 
by  Dr.  Paul  Solberg  of  Volbu,  Norway. 
These  are  now  being  grown  again  at  Stan- 
ford to  evaluate  the  stability  of  these  strains 
after  having  been  grown  in  a  very  different 
climate  in  another  part  of  the  world. 


Experiments  on  the  incorporation  of 
humidity  control  in  Dr.  Hiesey's  con- 
trolled-environment  plant  chambers  de- 
scribed last  year  have  been  undertaken  to 
improve  their  all-around  usefulness  for  ex- 
perimental purposes,  and  to  make  them 
suitable  for  animal  as  well  as  plant  studies. 
Some  improvements  in  the  methods  for 
control  of  carbon  dioxide  concentration  in 
plant  growth  chambers  have  been  devised, 
and  they  will  be  incorporated  in  the  plant 
growth  chambers  in  the  future. 

The  series  of  selection  transplant  experi- 
ments on  Achillea  initiated  in  1949  have 
been  essentially  completed  during  the  year 
by  Drs.  Nobs  and  Hiesey. 

A  cooperative  study  begun  last  year 
with  Dr.  Edward  Tisdale  of  the  University 
of  Idaho  on  the  racial  composition  and 
responses  of  native  strains  of  Festuca 
idahoensis  from  different  climatic  regions 
in  the  Pacific  Northwest  is  being  con- 
tinued. 

Two  book-length  publications  dealing 
with  Poa  and  Ceanothus  from  the  view- 
point of  experimental  taxonomy,  plant 
evolution,  and  geographical  distribution, 
and  shorter  publications  on  Achillea  and 
on  comparative  physiology  of  Mimulus, 
are  in  various  stages  of  preparation. 
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EXPERIMENTAL  TAXONOMY 


Physiology  of  Climatic  Races 

Harold  W.  Milncr,  William  M.  Hiesey, 
and  Malcolm  A.  Nobs 

Last  year  we  described  the  effects  of 
temperature  and  light  intensity  on  the 
photosynthetic  rates  of  the  Los  Trancos 
and  Yosemite  races  of  Mimulus  cardinalis, 
and  a  difference  in  their  change  of  rate 
during  12  hours'  continuous  photosyn- 
thesis. These  races  occur  on  the  central 
California  transect,  Los  Trancos,  near  sea 
level,  and  Yosemite  at  4000-feet  elevation. 
Our  southernmost  race  of  M.  cardinalis, 


synthetic  rates  to  temperature  at  light 
saturation.  The  maximum  photosynthetic 
rate  of  the  five  Baja  California  clones 
ranged  from  25  to  37  milligrams  of  carbon 
dioxide  per  square  decimeter  per  hour. 
This  much  variation  between  clones  of 
one  race  was  observed  also  among  Los 
Trancos  and  Yosemite  plants.  Comparison 
of  the  curves  for  the  clones  of  a  race  is 
facilitated  if  the  rate  at  each  temperature 
is  plotted  as  a  percentage  of  the  maximum 
rate.  The  open  bars  of  figure  1  represent 
the  photosynthetic  rates  of  the  five  Baja 
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Fig.  1.  Light-saturated  photosynthesis  vs.  temperature  in  the  Baja  California  race.  Open  bars 
represent  clones  7119-1,  2,  3,  7,  and  16  in  that  order  for  each  temperature.  Shaded  bars  are  mean 
values  for  the  five  clones. 


from  Baja  California,  has  now  been  studied 
in  the  same  way  as  the  other  two  races. 
In  addition,  all  three  races  were  examined 
for  the  effect  of  different  carbon  dioxide 
concentrations  on  their  rates  of  photosyn- 
thesis. The  rates  in  this  report  are  ap- 
parent photosynthesis,  uncorrected  for 
dark  respiration.  A  correlation  between  the 
photosynthetic  response  of  climatic  races 
and  the  physical  conditions  of  their  native 
environments  is  beginning  to  appear. 

Optimum  temperature.  Within  the 
Baja  California  race  the  five  clones  studied 
were  as  much  alike  as  the  three  clones 
of  Los  Trancos  or  the  three  of  Yosemite 
described  last  year.  An  example  of  this 
similarity  is  the  response  of  their  photo- 


California  clones;  the  shaded  bars,  the 
mean  value  at  each  temperature.  All  five 
clones  show  maximum  photosynthesis  at 
30°  and  fairly  good  agreement  at  the  other 
temperatures.  The  most  noticeable  excep- 
tion is  clone  7119-2,  which  has  the  same 
photosynthetic  rate  at  25°  and  30°. 

In  figure  2  the  mean  values  for  the  three 
races  are  shown.  Here  actual  rates  are 
plotted  to  show  that  there  is  no  large  dif- 
ference in  the  photosynthesis  of  these  races 
in  the  15°  to  40°  range.  Baja  California 
and  Yosemite  show  maximum  photosyn- 
thesis at  30°,  whereas  Los  Trancos  has  its 
maximum  at  35°. 

From  about  42°  to  the  temperature  com- 
pensation point  (zero  apparent  photosyn- 
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thesis),  the  photosynthetic  rate  declines  al- 
most linearly  with  increase  in  temperature. 
The  five  Baja  California  clones  reached 
temperature  compensation  at  47°  to  51°, 
when  measured  under  the  conditions  de- 
scribed last  year.  This  is  nearly  the  same 
range  as  the  47°  to  50°  found  earlier  for 
Los  Trancos  and  Yosemite  plants.  Since 
photosynthetic  rate  measurements  under 
these  extreme  conditions  are  of  low  accu- 
racy, there  is  no  clear  difference  in  the 
upper  temperature  limit  for  photosynthe- 
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Fig.  2.  Light-saturated  photosynthesis  vs.  tem- 
perature in  three  climatic  races.  The  values  are 
means  for  three  Los  Trancos,  three  Yosemite, 
and  five  Baja  California  clones. 

sis  in  the  three  races.  We  plan  to  explore 
the  photosynthetic  response  of  the  same 
races  to  low  temperatures. 

Light  saturation.  The  light  intensity 
needed  to  saturate  photosynthesis  in  the 
Baja  California  race  at  different  tempera- 
tures is  nearly  the  same  as  that  found  for 
the  Los  Trancos  race.  Both  show  satura- 
tion at  much  lower  intensities  than  the 
Yosemite  race.  Mean  values  for  each  race 
are  shown  in  figure  3.  The  small  differ- 
ences between  Los  Trancos  and  Baja  Cali- 
fornia may  or  may  not  be  real.  Settlement 
of  this  point  would  require  remeasurement 


of  the  two  races  at  narrower  intervals  of 
light  intensity  than  the  20  per  cent  steps 
used  in  obtaining  the  data  for  figure  3. 

Continuous  photosynthesis.  During  12 
hours'  continuous  photosynthesis  at  opti- 
mum temperature  with  saturating  light  in- 
tensity, the  Baja  California  race  is  like  Los 
Trancos  in  some  respects,  like  Yosemite 
in  others.  Los  Trancos  and  Baja  Cali- 
fornia take  about  4  hours  to  reach  their 
maximum  rates,  after  which  the  rates  de- 
cline slowly.    Yosemite  reaches  its  maxi- 
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Fig.  3.  Light  saturation  vs.  temperature  for 
three  races.  Mean  values  for  the  same  clones 
as  described  for  figure  2. 

mum  rate  within  2  hours,  and  the  subse- 
quent drop  in  rate  is  more  rapid  than  for 
the  others.  Baja  California  and  Yosemite 
show  much  less  change  in  rate  before  the 
maximum  is  reached  than  Los  Trancos. 
These  points  are  illustrated  in  figure  4. 
Hourly  summations  of  photosynthesis  are 
shown,  thereby  averaging  out  the  irregular 
fluctuations  in  rate  found  with  all  three 
races  when  the  rate  has  passed  its  maxi- 
mum value.  At  the  end  of  12  hours  the 
rate  was  94  per  cent  of  maximum  for  Los 
Trancos,  86  per  cent  for  Baja  California, 
and  only  76  per  cent  for  Yosemite. 
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Carbon  dioxide  concentration.  The 
photosynthetic  rates  of  the  five  Baja  Cali- 
fornia clones  showed  a  nearly  linear  de- 
pendence on  C02  concentration  from  the 
compensation  point  (55  to  85  ppm)  up  to 
about  450  ppm.  Above  450  ppm,  the  in- 
crease in  rate  with  increase  in  CO2  became 
slower.  Photosynthesis  became  C02  satu- 
rated between  1100  and  1250  ppm,  no  fur- 
ther change  in  rate  being  observed  up  to 
1500  ppm.  At  C02  saturation,  the  photo- 
synthetic  rates  of  the  B.vc  Baja  California 
clones  varied  from  171  to  225  per  cent  of 


lapping  time  intervals,  from  0  to  3,  1  to  4, 
2  to  5  minutes,  and  so  on.  The  photosyn- 
thetic rate  was  calculated  for  each  time 
interval,  and  the  curves  in  figure  5  were 
drawn  for  the  best  fit  with  the  data.  Very 
similar  curves,  not  shown  in  the  figure, 
were  obtained  in  the  same  way  for  one 
clone  each  of  the  Los  Trancos  and 
Yosemite  races. 

Processes  known  to  occur  in  leaves,  in- 
cluding stomatal  movements  and  the  oper- 
ation of  biochemical  buffering  systems,  can 
cause  the  uptake  or  release  of  CO2  inde- 
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Fig.  4.     Change  of  rate  with  time  during  continuous  light-saturated  photosynthesis  at  optimum 
temperature.   The  same  clones  are  averaged  as  in  figures  2  and  3. 


their  rates  at  425  ppm.  These  measure- 
ments were  made  at  30°  and  4000  foot- 
candles.  The  optimum  temperature  and 
light  saturation  level  were  found  not  to 
differ  significantly  at  425  and  1500  ppm 
C02. 

The  plants  were  allowed  to  deplete  the 
C02  in  a  closed  system  from  1500  ppm  to 
the  compensation  point.  Accurate  measure- 
ments of  photosynthetic  rates  at  high  CO2 
concentrations  are  difficult  because  the  rate 
of  CO2  absorption  may  fluctuate  widely 
in  successive  3-minute  measuring  periods. 
The  rates  of  CO2  absorption  in  the  high 
concentration  range  were  noted  in  over- 


pendently  of  photosynthesis.  That  the  ir- 
regularity of  CO2  absorption  at  high  con- 
centrations has  a  physiological  explanation, 
and  is  not  a  peculiarity  of  the  measuring 
apparatus,  was  confirmed  by  a  simple  ex- 
periment. A  dish  of  5  per  cent  sodium 
hydroxide  solution,  whose  surface  area 
was  about  the  same  as  the  leaf  area  usually 
employed,  was  put  into  the  apparatus  in 
place  of  a  plant.  Absorption  by  the  NaOH 
solution  was  a  strictly  linear  function  of 
CO2  concentration  all  the  way  from  1500 
ppm  to  zero.  And,  at  high  C02  concentra- 
tion, there  was  no  irregularity  in  its  rate 
of  absorption  by  the  NaOH  solution.  Part 
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of  the  data  for  the  NaOH  solution  are 
shown  by  the  dashed  line  in  figure  5. 

Continuous  photosynthesis  at  high  CO2 
concentration.    Distinct  racial  differences 
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Fig.  5.  Effect  of  C02  concentration  on  rate 
of  absorption.  Rates  are  related  to  that  at  425 
ppm  C02  as  100.  Solid  lines  represent  Baja  Cali- 
fornia clones  7119-1,  2,  3,  7,  and  16;  the  dashed 
line,  a  NaOH  solution  (see  text). 


were  found  in  photosynthesis  of  the  plants 
for  12  hours  at  1500  ppm  CO2,  optimum 
temperature,  and  light  saturation.  For  this 
measurement  we  used  the  clone  most  rep- 
resentative of  the  mean  performance  of 
each  race  in  the  other  measurements. 
Figure  6  shows  the  change  of  rate  with 
time  for  each  clone  at  1500  and  at  425  ppm 
CO2.  The  rates  were  calculated  for  15- 
minute  points  on  the  time  scale  from  the 
average  of  the  eleven  CO2  absorption  meas- 
urements, at  5-minute  intervals,  centered 
on  the  15-minute  point. 

Los  Trancos  shows  the  greatest  and 
Yosemite  the  least  initial  difference  in  rate 
at  the  two  CO2  levels.  The  rate  of  all  three 
clones  at  high  CO2  falls  rapidly  during 
the  first  few  hours.  After  4  hours  the 
rate  for  Yosemite  is  nearly  the  same  at  both 
CO2  concentrations.  The  other  two  races 
maintain  a  somewhat  higher  rate  at  1500 
ppm  than  at  425  ppm  CO2  until  the  end 
of  the  12  hours.  The  total  assimilation  of 
CO2  per  square  decimeter  in  12  hours  by 
the  Yosemite  clone  at  1500  ppm  is  only 
115  per  cent  of  the  assimilation  at  425  ppm. 
The  corresponding  figure  for  Baja  Cali- 
fornia is  152  per  cent,  and  for  Los  Trancos 
169  per  cent.  Even  though  only  one  clone 
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Fig.  6.    Effect  of  C02  concentration  on  rate  of  continuous  photosynthesis.   Measurements  on  one 
clone  of  each  race. 
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of  each  race  is  represented  in  figure  6,  the 
close  correspondence  between  clones  of  a 
race  in  the  other  types  of  measurement 
gives  us  reason  to  think  that  the  picture 
would  not  be  altered  materially  by  meas- 
urement of  three  or  five  clones  of  each 
race. 

The  effect  of  C02  concentration  on  its 
rate  of  absorption  by  the  plant  is  shown  in 
detail  in  figure  7.  The  measurements 
made  at  5-minute  intervals  show  plainly 


elevation,  plants  may  be  exposed  to  a 
higher  light  intensity  than  plants  in  the 
Los  Trancos  habitat  near  sea  level.  The 
saturating  light  intensity  for  Yosemite 
plants  is  about  1.5  times  as  great  as  for 
Los  Trancos  plants  (fig.  3). 

The  C02  content  of  air  at  4000  feet,  in 
milligrams  per  liter,  is  about  85  per  cent  of 
the  sea-level  value,  or,  300  ppm  CO2  at 
4000  feet  is  equivalent  to  257  ppm  at  sea 
level.  A  Yosemite  plant  makes  much  less 
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Fig.  7.    C02  absorption  at  three  concentrations,  measured  for  the  same  Yosemite  clone. 


the  wide  and  irregular  variations  in  ab- 
sorption at  1500  ppm  CO2,  the  smaller 
fluctuations  at  425  ppm,  and  the  relatively 
steady  rate  of  absorption  at  300  ppm.  The 
smoothed  curves  for  the  photosynthetic 
rates  of  Yosemite  at  1500  and  425  ppm 
C02  in  figure  6  were  derived  by  the 
described  averaging  method  from  the  cor- 
responding curves  in  figure  7. 

Relation  of  photosynthetic  response  to 
habitat.  Two  indications  of  a  correlation 
between  the  photosynthetic  response  of 
climatic  races  and  the  environmental  con- 
ditions to  which  they  have  become  adapted 
are  found  in  the  limited  data  reported 
here.  In  the  Yosemite  habitat  at  4000-feet 


effective  use  of  1500  ppm  CO2  than  a  Los 
Trancos  plant  (Rg.  6).  Also,  the  photo- 
synthetic rate  for  Yosemite  decreases  more 
rapidly  with  time  than  that  for  Los  Tran- 
cos when  both  photosynthesize  with  425 
ppm  CO2  (Rg.  4).  Perhaps  the  shape  of 
the  curve  for  Yosemite  in  figure  4  shows 
to  a  lesser  extent  the  effect  of  too  high  CO2 
seen  in  figure  6.  For  12  hours  the  curve  for 
the  Yosemite  plant  at  300  ppm  CO2 
(fig.  7)  was  as  flat  as  that  for  the  Los  Tran- 
cos plant  in  figure  4,  and  the  rate  after  12 
hours  was  90  per  cent  of  the  maximum 
rate. 

We  have  started  work  with  the  San  An- 
tonio Peak  race,  which  represents  the  high- 
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est  elevation  (7300  feet)  from  which  we 
have  a  climatic  race  of  M.  cardinalis.  The 
alpine  races  of  M.  lewisii  will  be  included 
in  the  program  as  soon  as  possible.  It  is 
hoped  that  the  controlled  growth  cham- 
bers will  make  it  possible  to  cultivate  good 
M.  lewisii  plants  at  Stanford.  This  has 
proved  impractical  in  the  garden  or  green- 
house. 

Responses  of  Mimulus  in  Controlled 
Environments 

William  M.  Hiesey,  Harold  W.  Milner, 
and  Malcolm  A.  Nobs 

Exploratory  experiments  made  in  the 
controlled  growth  cabinets  mentioned  in 
Year  Book  58,  pages  350-352,  have  demon- 
strated the  practicality  of  these  units  for 
comparing  the  growth  responses  of  various 
climatic  races  of  Mimulus  with  changes  in 
one  variable  at  a  time. 

With  a  light  intensity  of  2000  foot- 
candles  and  a  10-hour  day,  the  coastal  race 
of  Mimulus  cardinalis  from  Los  Trancos 
was  found,  during  a  6-week  period,  to  pro- 
duce approximately  50  per  cent  as  much 
dry  weight  at  10°  as  at  20 °C.  The  mid- 
Sierran  race  from  Yosemite  at  4000-feet 
elevation  yielded  approximately  66  per 
cent  as  much  dry  weight  at  the  lower  tem- 
perature as  at  the  higher;  a  race  from  San 
Antonio  Peak  at  7300  feet  in  the  San  Ga- 
briel Mountains  yielded  nearly  90  per  cent 
as  much  dry  weight  at  10°  as  at  20  °C. 
Two  races  of  M.  lewisii,  however,  one 
from  Tamarack  Flat  at  6300-feet  altitude 
and  another  from  near  Timberline  at 
10,500  feet,  showed  approximately  50  per 
cent  the  rate  of  growth  at  10°  that  they 
showed  at  20  °C.  Relative  growth  rates  at 
both  higher  and  lower  temperatures,  and 
for  additional  races  of  both  species,  need  to 
be  determined  before  the  trends  can  be 
charted. 

A  question  of  basic  importance  is 
whether  the  response  of  photosynthesis  to 
light  and  temperature  remains  the  same 
after  distinct  climatic  races  have  been 
grown  under  different  environmental  con- 


ditions. Preliminary  evidence  indicates 
that  such  racial  characteristics  are  not 
changed  by  the  growth  conditions  sur- 
rounding the  individual.  Vegetative  propa- 
gules  (ramets)  of  Los  Trancos  clone 
6546-5  and  Yosemite  clone  6694-105  were 
held  for  5  weeks  at  2000  foot-candles,  half 
the  ramets  of  each  clone  at  10  °C,  the  other 
half  at  20°.  Light-saturation  curves  and 
the  response  of  photosynthetic  rate  to  tem- 
perature were  measured  for  ramets  of  both 
clones  grown  at  both  temperatures.  In 
each  case  the  response  of  ramets  grown  in 
both  the  cabinets  was  identical  with  that  of 
corresponding  ramets  grown  under  day- 
light and  uncontrolled  temperature,  as 
shown  in  figures  2  and  3. 

Much  more  investigation  of  this  ques- 
tion is  needed,  utilizing  both  more  highly 
varied  environmental  conditions  and  addi- 
tional climatic  races,  before  definite  con- 
clusions can  be  established  as  to  the  rela- 
tive constancy  of  such  physiological  dif- 
ferences in  genetically  diverse  climatic 
races.  Interpretations  of  plant  responses  to 
various  environments  will  depend  to  a 
large  extent  on  what  such  studies  reveal. 

Growth  in  controlled  cabinets  at  high 
and  low  concentrations  of  C02  was  ob- 
served over  a  4-week  period  at  20  °C  and 
2000  foot-candles  using  clones  of  three  races 
of  Mimulus  cardinalis:  Baja  California 
(clone  7119-16),  Los  Trancos  (clone 
6540-5),  and  Yosemite  (clone  6694-105), 
the  photosynthetic  rates  of  which  under 
different  concentrations  of  C02  are  shown 
in  figure  6.  The  higher  C02  level  (several 
times  that  of  normal  air  concentration) 
was  maintained  by  means  of  the  C02 
regulator  described  in  Year  Book  58,  page 
352.  Stimulation  of  growth  at  the  high 
C02  level  was  observed  in  the  two  lowland 
races  (Baja  California  and  Los  Trancos) 
as  compared  with  ramets  of  the  same 
clones  grown  at  the  low  C02  level  (normal 
air  concentration).  In  the  Yosemite  race 
from  4000-feet  altitude,  on  the  other  hand, 
a  slight  inhibition  of  growth  was  observed. 
Further  studies  are  planned  on  the  growth 
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effects  at  different  levels  of  C02  concentra- 
tion on  the  climatic  races,  using  an  im- 
proved C02  controller. 

Controlled  Growth  Cabinets 
William  M.  Hiesey  and  C.  S.  French 

Last  year  a  device  for  controlling  the 
C02  concentration  in  plant  growth  cham- 
bers was  described.  An  improvement  in 
the  control  method  to  keep  the  necessary 
initial  adjustments  from  being  influenced 
by  the  rate  of  C02  consumption  by  the 
plants  was  made  this  year  by  Dr.  Hans 
Barth.  With  this  improvement  a  4-weeks' 
comparison  was  made  of  three  Mimulus 
strains,  giving  the  results  described  in  the 
above  section  of  this  report.  It  became 
evident,  however,  that  the  colorimetric 
method  for  CO2  regulation  was  not  ade- 
quately reliable  over  a  long  time  period. 

A  Model  300  Lira  C02  analyzer  (Mine 
Safety  Appliance  Co.)  was  purchased  and 
has  been  built  into  a  control  assembly  in- 
corporating a  modification  of  Dr.  Barth's 
continuous  self-adjusting  principle.  This 
equipment,  in  preliminary  tests,  has  given 
adequate  performance  for  short  times,  and 
will  be  used  with  the  growth  chambers  in 
place  of  the  colorimetric  apparatus. 

Humidity  control  has  been  added  to 
temperature  and  light  control  in  a  new 
chamber  being  built  for  general  use  in 
controlled  environment  experiments.  The 
design  and  dimensions  are  similar  to  those 
described  in  last  year's  report.  Dehumidi- 
fication  is  effected  by  a  cooling  coil  kept 
at  —  50  °F,  and  powered  by  a  separate 
compressor.  Part  of  the  air  from  the 
growth  chamber  is  automatically  by-passed 
through  the  dehumidifier  when  required. 
An  automatic  defrosting  device,  utilizing 
heat  generated  by  the  compressor  of  the 
dehumidifier,  clears  the  coil  of  accumu- 
lated ice  at  frequent  intervals.  The  de- 
humidifier is  balanced  against  a  humidi- 
fier, which  is  also  operated  by  automatic 
controls.  Mr.  A.  D.  Bonell  has  worked 
closely  with  us  in  the  development  and 
building  of  this  cabinet.    An  additional 


feature  is  an  arrangement  for  dimming  the 
fluorescent  lamps  from  a  maximum  light 
intensity  of  approximately  2000  foot-can- 
dles at  the  floor  level  of  the  chamber  to 
complete  darkness.  On-off  time  controls 
are  provided  for  the  lights. 

BlOSYSTEMATIC    RELATIONSHIPS    IN    THE 

Mimulus  cardinalis  Complex 

Malcolm  A.  Nobs  and  William  M.  Hiesey 

New  data  from  crossings,  cytological 
studies,  and  transplanting  clarify  further 
our  over-all  understanding  of  the  biosys- 
tematic  relationships  in  the  section  Ery- 
thranthe  of  the  genus  Mimulus,  an  es- 
sential prerequisite  for  the  most  effective 
selection  of  plant  individuals  for  physio- 
logical studies.  The  Erythranthe  section, 
first  described  by  E.  L.  Greene  in  1885, 
consists  of  at  least  four  rather  easily  rec- 
ognized groups,  usually  considered  as  spe- 
cies under  the  names  cardinalis,  lewisii, 
verbenaceus,  and  eastwoodiae.  We  refer 
collectively  to  the  members  of  this  section 
as  the  Mimulus  cardinalis  complex.  A 
possible  fifth  member,  M.  nelsonii,  known 
only  from  the  type  locality  in  the  Sierra 
Madre  of  Durango,  Mexico,  has  not  been 
studied  experimentally.  All  the  members 
of  this  section  are  native  to  western  North 
America. 

The  chromosome  numbers  of  all  mem- 
bers of  the  Erythranthe  section  have  been 
found  to  be  diploid  (n  =  S),  confirming 
earlier  counts  made  by  Dr.  Robert  K. 
Vickery  and  his  associates  at  the  Univer- 
sity of  Utah  in  1958.  In  that  study,  one 
native  collection  of  M.  cardinalis  from 
California  was  reported  in  addition  to  a 
number  of  accessions  of  unknown  origin 
from  European  botanical  gardens,  two  na- 
tive collections  of  M.  lewisii,  and  two  of 
M.  verbenaceus.  Localities  of  races  for 
which  counts  have  been  made  in  our  re- 
cent survey  are  listed  in  table  1. 

The  free  intercrossability  between  M. 
cardinalis  and  M.  lewisii,  the  former  oc- 
curring at  lower  altitudes  and  latitudes,  the 
latter  at  the  higher,  has  been  described  in 
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earlier  Year  Books  (56,  pp.  291-292,  and 
57,  pp.  270-272).  A  form  of  M.  verbena- 
ceus from  Grand  Canyon  National  Park 
in  Arizona,  kindly  supplied  to  us  by  Dr. 
Vickery,  crosses  freely  with  various  alti- 
tudinal  races  of  both  M.  cardinalis  and  M. 


Chromosome  pairing  in  interspecific  hy- 
brids between  M.  lewisii,  cardinalis,  and 
verbenaceus,  or  in  intraspecific  hybrids  be- 
tween climatic  races  of  lewisii  or  car- 
dinalis, is  approximately  complete  in  all 
combinations.   In  all  crosses  involving  M. 


TABLE  1.    Mimulus  Species  and  Races  Having  n  =  8  Chromosomes 


Plant 

No. 

Species  and  Location 

Eleva- 
tion, 
ft. 

Plant 

No. 

Species  and  Location 

Eleva- 
tion, 
ft. 

Mimulus  cardinalis  Dougl. 

Mimulus  lewisii  Pursh. 

6546-5 

Los  Trancos   Cr.,  San  Mateo 

7683-142 

Stevens  Pass,  Chelan  Co., 

Co.,  Calif. 

150 

Wash. 

2500 

6691-151 

Los  Trancos  Cr.,  San  Mateo 

7212-6 

Logan  Pass,  Glacier  Co., 

Co.,  Calif. 

150 

Mont.  . 

6500 

7210-9 

Jacksonville,    Tuolumne    Co., 

7121-1 

Yosemite,  Mariposa  Co.,  Calif. 

4000 

Calif. 

900 

7121-5 

Yosemite,  Mariposa  Co.,  Calif. 

4000 

7211-9 

Priest's  Grade,  Tuolumne  Co., 

7122-1 

Tamarack  Flat,  Mariposa  Co., 

Calif. 

1500 

Calif. 

6300 

7114-1 
7114-9 

Grass  Valley,  Nevada  Co., 

Calif. 
Grass  Valley,  Nevada  Co., 

2500 

7122-2 
7188-1 

Tamarack  Flat,  Mariposa  Co., 

Calif. 
Donner  Pass,  Placer  Co., 

Calif. 

6300 
6500 

Calif. 

2500 

7123-9 

Smoky   Jack,   Tuolumne  Co., 

6694-105 

Yosemite,  Mariposa  Co.,  Calif. 

4000 

Calif. 

7800 

7115-14 

Yosemite,  Mariposa  Co.,  Calif. 

4000 

7123-10 

Smoky   Jack,   Tuolumne   Co., 

7115-15 

Yosemite,  Mariposa  Co.,  Calif. 

4000 

Calif. 

7800 

7116-7 

Crane  Cr.,  Tuolumne  Co., 

7127-1 

Warren  Cr.,  Mono  Co.,  Calif. 

8900 

Calif. 

4700 

6634-109 

Timberline  Station,  Mono  Co., 

7117-2 

Middle  Fork,  Tuolumne  Co., 

Calif. 

10500 

Calif. 

4800 

6634-115 

Timberline  Station,  Mono  Co., 

7117-4 

Middle  Fork,  Tuolumne  Co., 

Calif. 

10500 

Calif. 

4800 

7208-13 

Timberline  Station,  Mono  Co., 

7118-1 

Woodfords,  Alpine  Co.,  Calif. 

6000 

Calif. 

10500 

7118-2 

Woodfords,  Alpine  Co.,  Calif. 

6000 

7120-8 

San  Antonio  Pk.,  Los  Angeles 

Mimulus  verbenaceus  Greene 

Co.,  Calif. 

7300 

7216-3 

Phantom  Ranch,  Grand  Can- 

7120-15 

San  Antonio  Pk.,  Los  Angeles 
Co.,  Calif. 

7300 

yon,  Coconino  Co.,  Ariz. 

2000 

7119-7 

San  Pedro  Martir,  Baja  Cali- 

Mimulus eastwoodiae  Rydb. 

fornia,  Mexico 

1800 

7144-1 

Arches    National    Monument, 

7119-16 

San  Pedro  Martir,  Baja  Cali- 

Grand Co.,  Utah 

4200 

fornia,  Mexico 

1800 

7144-2 

Arches    National    Monument, 
Grand  Co.,  Utah 

4200 

lewisii,  and  the  resulting  seed  produces 
vigorous  Fi  hybrids,  but  the  fertility  of  the 
hybrids  is  much  reduced  over  that  in  the 
parental  lines.  Table  2  lists  the  percentages 
of  aborted  pollen  on  parental  and  hybrid 
plants,  and  also  the  degree  of  irregular 
chromosome  pairing  observed  during 
meiosis. 


lewisii  from  Stevens  Pass,  Washington, 
however,  the  pollen  mother  cells  at  the 
first  meiotic  metaphase  have  one  to  two 
sets  of  quadrivalents  associated  in  rings  or 
chains  of  four  chromosomes  each.  This  as- 
sociation suggests  that  two  independent 
sets  of  reciprocal  translocations  in  the 
chromosomes  have  taken  place  in  the  Ste- 
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vens  Pass  race.  Such  a  mechanism  would 
account  for  the  increased  pollen  abortion 
observed  in  the  crosses  between  the  Stevens 
Pass  and  Timberline  races  of  M.  lewisii, 
and  between  Stevens  Pass  and  M.  cardi- 
nalis  from  Los  Trancos,  as  listed  in  table  2. 


tural  chromosomal  differences,  or  both, 
that  have  evolved  along  different  paths 
during  geologic  time  in  M.  verbenaceus  as 
compared  with  M.  cardinalis  and  M.  lew- 
isii. Although  verbenaceus  has  been  con- 
sidered by  some  authors  to  be  merely  a 


TABLE  2.    Meiotic  Irregularities  in  Pollen  Mother  Cells  and  Ensuing  Pollen  Abortion 
in  Species  and  Hybrids  in  the  Mimidus  cardinalis  Complex 


Plant 

Species  and  Combination 

No.  of 

Percentage  of 
Cells  with 

Percentage  of 
Aborted 

No. 

Cells 

Meiotic  Ir- 
regularities * 

Pollen  f 

Nonhybrids 

6546-5 

cardinalis,  Trancos 

55 

5 

5 

6694-105 

cardinalis,  Yosemite 

35 

5 

3 

7119-7 

cardinalis,  Baja 

46 

4 

6 

-16 

42 

7 

8 

7208-13 

lewisii,  Timberline 

55 

10 

2 

6683-142 

lewisii,  Stevens  Pass 

33 

12 

14 

7216-3 

verbenaceus ,  Grand  Canyon 

Fj  Hyb; 

rids 

30 

10 

18 

7130-2 

cardinalis,  Trancos  X  cardinalis,  Yosemite 

82 

2 

4 

-28 

77 

4 

5 

6885-2 

cardinalis,  Trancos  X  cardinalis,  Baja 

49 

2 

6 

-5 

47 

2 

6 

-7 

65 

3 

5 

6546-3 

cardinalis,  Trancos  X  lewisii,  Timberline 

49 

6 

23 

6547-1 

lewisii,  Timberline  X  cardinalis,  Trancos 

48 

10 

31 

6695-137 

cardinalis,  Trancos  X  lewisii,  Stevens  Pass 

32 

74  % 

58 

6696-143 

lewisii,  Stevens  Pass  X  cardinalis,  Trancos 

36 

83  J 

59 

6687-102 

lewisii,  Stevens  Pass  X  lewisii,  Timberline 

33 

67 

42 

6688-111 

lewisii,  Timberline  X  lewisii,  Stevens  Pass 

31 

82 

43 

7214-2 

verbenaceus,  Grand  Canyon  X  cardinalis, 

Trancos 

57 

10 

77 

7215-1 

cardinalis,  Yosemite  X  verbenaceus,  Grand 

Canyon 

41 

5 

85 

-2 

12 

8 

83 

7216-2 

verbenaceus,  Grand  Canyon  X  cardinalis,  Yosemite 

57 

9 

73 

7219-1 

cardinalis,   Baja  X  verbenaceus,  Grand   Canyon 

27 

7 

87 

7220-1 

verbenaceus,  Grand  Cany onX  cardinalis, 

Baja 

28 

5 

77 

7221-1 

lewisii,  Timberline  X  verbenaceus,  Grand  Canyon 

44 

18 

75 

-2 

61 

16 

76 

7222-1 

verbenaceus,  Grand  Canyon  X  lewisii,  Timberline 

52 

13 

80 

*  Unless  otherwise  noted,  irregularities  consist  of  two  to  four  univalents  in  metaphase  I. 

t  Percentages  based  on  samples  of  400  to  500  grains. 

t  Irregularities  in  the  Stevens  Pass  race  of  M.  lewisii  consist  primarily  of  one  or  two  quadrivalents. 


In  the  hybrids  between  M.  verbenaceus 
and  either  M.  lewisii  or  M.  cardinalis, 
there  is,  despite  their  generally  regular 
pairing,  a  marked  sterility  barrier  as  indi- 
cated by  the  high  percentages  of  aborted 
pollen  (table  2).  This  barrier  is  probably 
due  to  accumulated  gene  or  small  struc- 


subspecies  of  M.  cardinalis,  the  experi- 
mental data  indicate  that  the  genetic  rela- 
tionship between  M.  verbenaceus  and  M. 
cardinalis  is  no  closer  than  that  between 
M.  verbenaceus  and  M.  lewisii. 

Mimulus  eastwoodiae,  like  M.  verbena- 
ceus, occurs  in  Utah,  Arizona,  and  north- 
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ern  Mexico.  Material  of  this  species  sup- 
plied by  Dr.  Vickery  has  been  utilized  in 
recent  crosses  with  M.  cardinalis,  M.  lew- 
isii,  and  M.  verbenaceus.  Progenies  from 
these  crosses  have  not  been  grown  at  the 
present  writing,  and  the  genetic  relation 
between  these  species  and  M.  eastwoodiae 
remains  to  be  explored. 

An  interesting  differential  mechanical 
barrier  to  crossing  between  M.  cardinalis 
and  M .  lewisii  has  been  established  experi- 
mentally. When  mixtures  of  approxi- 
mately equal  numbers  of  pollen  grains 
from  a  plant  of  coastal  M.  cardinalis  and 
an  alpine  individual  of  M.  lewisii  are  ap- 
plied to  flowers  of  the  short-styled  lewisii 
plant,  only  12  per  cent  selfed  progeny  of 
lewisii  are  obtained,  88  per  cent  being  Fi 
hybrids  with  cardinalis.  When  the  same 
pollen  mixture  is  applied  to  long-styled 
cardinalis,  however,  all  the  resulting  off- 
spring are  selfed  plants  of  M.  cardinalis. 
Moreover,  all  hybrids  produced  on  cardi- 
nalis, using  only  lewisii  pollen,  occur  as 
fertile  seeds  located  only  in  the  upper  tip 
of  the  seed  capsule — none  in  the  lower  part. 
It  is  apparent,  therefore,  that  the  shorter 
pollen  tubes  of  M.  lewisii  are  at  a  great 
disadvantage  in  competition  with  the 
longer  pollen  tubes  of  M.  cardinalis  when 
both  are  competing  on  long-styled  M.  car- 
dinalis, or  even  on  M.  lewisii. 

Superimposed  upon  this  mechanical  dif- 
ference in  pollinating  mechanism  between 
the  species  is  the  differential  pollination 
brought  about  by  pollinating  agents  es- 
pecially suited  to  the  particular  flower 
structures  of  the  two  species  as  described 
in  Year  Book  53,  pages  157-159. 

A  survey  of  the  survival  of  segregating 
cloned  F2  transplants  of  a  cross  between 
coastal  M.  cardinalis  and  alpine  M.  lewisii 
at  the  Timberline  transplant  station  early 
this  summer  disclosed  a  higher  percentage 
of  survival  among  the  F2  fraction  subjected 
to  rigorous  selection  at  Timberline  during 
early  seedling  stages  than  in  a  comparable 
F2  sample  subjected  only  to  random  selec- 
tion at  Stanford  (cf.  Year  Book  58,  p.  353). 


A  striking  feature  is,  nevertheless,  the  rela- 
tively high  percentage  of  survival  (more 
than  60  per  cent)  among  the  Stanford-se- 
lected progeny  at  the  Timberline  trans- 
plant station.  This  result  indicates  that 
physiological  characteristics  important  for 
the  survival  of  these  plants  are  buffered  to 
a  high  degree  in  hybrid  progeny  through 
complementary  actions  of  the  recombined 
genes.  Further  study  will  be  devoted  to 
the  extent  of  coherence  between  the  mor- 
phological characters  and  the  capacity  to 
survive  at  the  altitudinal  stations. 

Interlatitudinal  Selection  Experiments 

in  Poa 

Jens  Clausen,  Malcolm  A.  Nobs, 
and  William  M.  Hiesey 

Work  on  preparing  the  data  for  the  Poa 
publication  outlined  in  last  year's  report 
(Year  Book  58,  p.  358)  has  continued,  and 
concluding  notes  on  the  parental  and  hy- 
brid lines  at  the  mountain  stations  have 
been  taken.  The  statistical  processing  of 
data  on  the  responses  of  parental  and  hy- 
brid apomictic  lines  in  the  plantings  within 
this  country  and  abroad  is  approximately 
two-thirds  completed.  The  statistical  ex- 
pressions of  the  apomicts  in  the  diversified 
environments  are  being  graphed  by  Mrs. 
Eldredge  in  a  manner  that  facilitates  a 
study  of  the  phenotypic  expression  of  the 
individual  characters.  These  are  necessary 
steps  in  evaluating  the  interactions  be- 
tween parental  and  hybrid  apomictic  bio- 
types  in  varied  climates. 

Depth  in  the  Poa  investigations  is  pro- 
vided by  combining  investigations  on  suc- 
cessive generations  with  tests  at  different 
latitudes.  A  few  new  plantings  were  made 
in  the  spring  of  1960  in  the  garden  at  Stan- 
ford of  seeds  sent  by  Dr.  Paul  Solberg  of 
the  Norwegian  Station  for  Experiments  in 
the  Mountain  Districts  at  Volbu,  in  Val- 
dres,  at  1500-feet  altitude  and  61  °N  lati- 
tude. The  ancestors  of  these  Poas  were 
originally  sent  from  Stanford  to  Dr.  Sol- 
berg in  1949,  and  now,  after  having  been 
grown  in  Norway   for  four  generations, 
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have  been  returned  to  Stanford  at  38 °N 
latitude  for  study. 

One  group  consists  of  six  apomictic  lines 
that  were  selected  in  Norway  among  de- 
scendants of  the  hybrid  Poa  ampla,  Kahlo- 
tusXP.  pratensis,  Athabaska  (Year  Book 
48,  pp.  98-99).  Seeds  from  a  sexual  Fi  indi- 
vidual, 4547-9,  which  yields  widely  segre- 
gating progeny,  had  been  planted  at  four 
stations  ranging  between  latitudes  38°  and 
61  °N,  namely,  Stanford,  California;  Pull- 
man, Washington;  Edinburgh,  Scotland; 
and  Volbu,  Norway.  Although  an  inter- 
specific hybrid,  the  Fi  plant  was  fertile 
enough  to  provide  200  to  300  segregating 
F2  progeny  per  station.  Considering  the 
interspecific  nature  of  the  hybrid,  the  sur- 
vival rate  of  the  F2  was  remarkably  high 
at  all  stations,  but  the  variability  was  also 
high  both  in  vigor  and  in  other  character- 
istics. 

At  each  station  the  best  F2  plants  were 
tested  for  constancy  (apomixis)  in  repro- 
duction (Year  Book  53,  p.  151).  Of  a  total 
of  47  F3  progenies  from  the  four  stations 
so  tested,  27  were  found  to  segregate,  and 
were  discarded.  The  remaining  20  ap- 
peared to  be  constant  at  the  stations  where 
they  were  selected,  including  7  from  Stan- 
ford, 5  from  Pullman,  2  from  Edinburgh 
(Year  Book  55,  p.  238),  and  now  6  from 
Volbu.  The  14  progenies  selected  at  the 
first  three  stations  have  been  subjected  to 
comparative  tests  at  Stanford,  Pullman, 
and  Edinburgh,  and  a  paper  relating  pri- 
marily to  the  Edinburgh  tests  is  being  pre- 
pared by  Dr.  P.  J.  Watson  of  the  Scottish 
Society  for  Research  in  Plant  Breeding. 

The  six  progenies  selected  at  Volbu  were 
grown  there  for  two  apomictic  generations 
and  were  studied  by  Clausen  in  1957.  The 
new  Stanford  planting  represents  the  third 
apomictic  generation  (the  fifth  from  the 
cross),  and  the  seedlings  have  established 
well,  although  they  will  not  flower  before 
1961.  Dr.  Paul  Solberg  and  Mr.  Bjorn 
Gronnerod  of  the  Volbu  station  have 
kindly  furnished  detailed  measurements 
and  other  data  of  the  responses  of  these  six 


and  many  other  apomictic  lines  at  Volbu. 
The  phenotypic  expression  of  these  apo- 
micts  at  Stanford  compared  with  that  in 
Norway  and  with  the  other  lines  derived 
from  the  same  cross  will  be  studied  with 
particular  interest. 

It  is  assumed  that  the  apomictic  geno- 
type remains  unaltered  from  generation  to 
generation  except  for  occasional  individu- 
als produced  through  the  ever-present,  but 
generally  suppressed,  sexual  process.  If  the 
relative  vigor  and  survival  of  the  apomictic 
and  sexual  fractions  of  the  progeny  are 
affected  by  a  major  change  in  the  environ- 
ment, the  equilibrium  between  the  two 
methods  of  reproduction  may  be  shifted, 
favoring  certain  aberrants  (Year  Books  46, 
pp.  101-103;  and  53,  pp.  151-153).  If  a 
vigorous  aberrant  also  happens  to  be  apo- 
mictic, it  can  eventually  replace  the  original 
apomict.  Such  a  shift  is  more  likely  to  hap- 
pen in  recently  established  apomicts  than  in 
those  that  have  stood  the  tests  of  time  in 
natural  vegetations. 

Our  earliest  apomictic  hybrid  was  line 
4273-9  (Poa  ampla  X  P.  pratensis  alpigena) , 
as  described  in  Year  Book  46,  page  90,  and 
plate  1.  The  balance  between  apomictic 
and  sexual  reproduction  in  this  apomictic 
strain  is  precarious,  for  the  apomictic  bio- 
type  is  only  approximately  10  per  cent  fer- 
tile, and  only  moderately  vigorous  as 
compared  with  some  of  the  sexually  repro- 
duced aberrants.  One  of  these  aberrants, 
4684-5,  proved  to  be  the  starting  point  for 
a  more  vigorous  and  fertile  apomictic  line 
(Year  Book  48,  pp.  101-102).  Seed  of  the 
original  weaker  line,  4273-9,  was  sent  to 
Volbu  in  1949  and  has  been  grown  there 
through  four  seed  generations.  In  this  en- 
vironment it  was  surprisingly  successful. 
A  planting  from  Volbu  seed  was  estab- 
lished at  Stanford  this  spring  which  repre- 
sents the  sixth  generation  from  the  original 
cross.  Although  this  planting  is  growing 
well,  it  is  still  too  young  to  determine 
whether  or  not  it  is  identical  with  the 
original  strain. 

Two  natural  apomictic  lines  of  Poa  pra- 
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ten  sis  have  likewise  been  grown  for  four 
generations  in  the  central  Norwegian 
mountains  and  have  been  returned  to 
Stanford.  One  of  these,  the  highly  tolerant 
line  4466-1,  was  developed  from  a  single 
wild  plant  from  the  Oregon  coast  near 
Newport  (Year  Books  50,  p.  106;  and  54, 
pp.  173-174).  This  clone  is  now  commer- 
cially produced  under  the  name  "Newport 
Bluegrass,"  and  has  been  introduced  to 
southwest  Greenland  for  forage. 

The  other  apomictic  Poa  pratensis  is  the 
Athabaska  strain,  line  4249-1,  which  was 
one  of  the  most  widely  used  male  parents 
in  our  crossing  program  (Year  Book  54, 
p.  184).  This  apomictic  line  was  selected 
from  the  Delta  variety,  which  is  thought 
to  have  originated  from  a  single  plant  col- 
lected in  northern  Alberta  or  northern 
Saskatchewan  by  the  late  Dr.  O.  Make 
about  1913  and  has  since  been  propagated 
by  the  Central  Experimental  Farm,  Ot- 
tawa, Canada.  The  original  description  of 
this  variety,  an  early-blooming,  erect,  and 


uniform  strain,  fitted  the  characteristics  of 
the  seed  material  received  by  us  in  1944 
from  the  U.  S.  Soil  Conservation  Service 
at  Pullman,  Washington.  Progenies  from 
a  single  plant,  4249-1,  our  Athabaska  line, 
have  remained  highly  uniform  and  distinct 
in  tests  throughout  the  United  States  and 
northern  Europe  and,  with  the  exception 
of  rare  sexually  produced  aberrants,  ap- 
pears to  be  composed  of  a  single  biotype. 

In  contrast  to  the  above  is  the  present- 
day  commercial  Delta  variety,  which  is 
typically  a  mixture  of  biotypes.  A  recent 
planting  from  the  Foundation  seed  of 
Delta  grown  at  Stanford  showed  such  a 
variation,  50  per  cent  of  the  plants  being 
identical  with  our  Athabaska  line,  4249-1. 
It  will  be  of  much  interest  to  determine 
whether  the  Volbu  lineage  of  4249-1,  after 
four  generations  in  Norway,  is  still  the 
same  as  the  original,  or  whether,  like  com- 
mercial Delta,  other  biotypes  are  associated 
with  it. 


BIOCHEMICAL  INVESTIGATIONS 


The  Transformation  of 

Protochlorophyll  to  Chlorophyll  a 

in  Ultraviolet  Light 

G.  C.  McLeod  and  Janice  Coomber 

Protochlorophyll  in  holochromatic  form 
when  present  either  in  normal  etiolated 
leaves  or  in  buffer  extracts  is  transformed 
to  chlorophyll  a  in  visible  light.  Our  ex- 
periments have  now  shown  that  ultraviolet 
radiation  is  also  effective  for  this  trans- 
formation. 

The  source  of  ultraviolet  radiation  was 
a  high-pressure  water-cooled  mercury 
lamp  (PEK  Labs,  Palo  Alto,  Calif.).  An 
image  of  the  arc  was  focused  first  through 
5  cm  of  water  in  a  spherical  quartz  flask 
and  then  through  a  quartz  condensing  lens 
onto  the  entrance  slit  of  a  Bausch  and 
Lomb  grating  monochromator.  The 
monochromator  was  equipped  with  Corn- 
ing filters  9863  or  5874  to  reduce  stray 
light.  The  ultraviolet  wavelengths  used 
were  examined  with  a   fluorescent  hand 


spectroscope  for  spectral  purity.  No  meas- 
urable contamination  was  found  either 
from  lines  in  other  parts  of  the  spectrum  or 
from  the  background  continuum  present 
in  the  high-pressure  mercury  lamp.  The 
monochromator  slit  was  opened  to  3  mm 
to  isolate  individual  ultraviolet  lines.  A 
manually  operated  shutter  in  the  light  path 
controlled  the  duration  of  the  exposure. 
The  energy  of  the  ultraviolet  light  was 
measured  with  a  Kipp  and  Zonen  com- 
pensated thermopile. 

The  holochrome  solution  was  prepared 
as  described  in  this  Year  Book  (p.  329) 
and  pipetted  into  a  1.0-cm  quartz  absorp- 
tion cell,  and  an  absorption  spectrum  was 
made.  The  solution  was  then  exposed 
to  an  ultraviolet  beam  of  selected  wave- 
length and  was  stirred  during  exposure. 
The  absorption  spectrum  of  the  solution 
was  measured  before  and  after  ultraviolet 
irradiation.  The  ultraviolet-irradiated  ma- 
terial was  then  exposed  for  3  minutes  to  the 
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light  from  an  incandescent  lamp,  and  a 
third  absorption  spectrum  was  taken,  to 
see  whether  further  transformation  had 
occurred  in  visible  light,  thereby  determin- 
ing whether  or  not  the  ultraviolet  had  in- 
jured the  protochlorophyll  solution  for  fur- 
ther transformation. 

The  data,  figure  8,  show  that  there  was 
transformation  at  all  ultraviolet  wave- 
lengths tested.  The  amount  varied  from 
almost  complete  transformation  at  436  and 
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Fig.  8.  Effect  of  ultraviolet  light  on  the  trans- 
formation of  the  protochlorophyll  holochrome. 

366  mjj  to  only  20  to  30  per  cent  trans- 
formation at  the  shorter  wavelengths.  It 
was  possible  to  obtain  almost  complete 
transformation  of  protochlorophyll  to 
chlorophyll  a  at  wavelengths  436  and  366 
m|j  with  sufficiently  long  exposures.  At 
shorter  wavelengths,  however,  the  conver- 
sion reached  a  limit  (20  to  30  per  cent), 
which  could  not  be  increased  even  when 
the  irradiation  period  was  tripled.  The  in- 
complete conversion  produced  by  ultra- 
violet wavelengths  could  be  completed  by 
subsequent  exposure  to  visible  light. 

If  the  transformation  of  protochlorophyll 
in  the  ultraviolet  were  due  to  absorption 
by  protochlorophyll  itself,  the  transforma- 


tion might  be  slow,  but  would  continue  as 
long  as  transformable  protochlorophyll  ex- 
isted. This  is  not  the  case.  Therefore  some 
other  mechanism  must  exist  for  the  ab- 
sorption and  utilization  of  the  activating 
energy. 

Evidence  from  pH  measurements  (this 
Year  Book,  p.  327)  indicates  that  proto- 
chlorophyll may  be  attached  to  different 
amino  acid  residues.  If  it  were  attached  to 
amino  acid  residues  absorbing  in  the  re- 
gion around  280  m|J,  these  amino  acids 
could  absorb  and  transfer  the  energy  to 
protochlorophyll  for  its  transformation. 
The  fact  that  only  20  to  30  per  cent  of  the 
protochlorophyll  is  transformed  by  ultra- 
violet radiation  suggests  that  only  that 
amount  of  the  pigment  is  attached  to  such 
residues;  the  rest  must  be  attached  to  resi- 
dues not  absorbing  in  this  region. 

(We  are  indebted  to  Dr.  Glenn  Spencer 
of  the  Stanford  University  Chemistry  De- 
partment for  the  loan  of  the  monochroma- 
tor.) 

The  Effect  of  /?H  on  the 

Phototransformation  of 

Protochlorophyll  Holochrome 

James  H.  C.  Smith  and  Janice  Coomber 

The  premise  on  which  much  of  the 
study  of  plant  pigments  is  based  is  that 
knowledge  of  the  pigment's  structure  in 
plants  will  bring  understanding  of  the 
pigment's  physiological  functioning.  Al- 
though the  principle  is  clear,  it  is  fre- 
quently hard  to  apply.  For  example,  in  the 
study  of  chlorophyll  in  the  plant  it  has 
been  difficult  to  find  physical  and  chemi- 
cal measurements  relating  to  structure  that 
can  be  correlated  with  chlorophyll's  role  in 
photosynthesis. 

A  somewhat  better  position,  however, 
has  been  attained  with  regard  to  proto- 
chlorophyll. A  complex  of  protochloro- 
phyll with  carrier — protochlorophyll  holo- 
chrome— has  been  isolated,  in  which  the 
phototransformation  of  protochlorophyll 
to  chlorophyll  can  be  studied  without  in- 
terference by  other  physiological  processes 
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in  the  leaf.  This  pigment  complex  has 
many  of  the  properties  of  a  macromolecule. 
It  can  be  fractionated  by  the  usual  pro- 
cedures of  protein  chemistry.  Because  of 
this,  its  characteristic  physical  and  chemi- 
cal properties  can  be  determined  and  sig- 
nificantly correlated  with  its  chief  bio- 
logical function — the  photoconversion  of 
protochlorophyll  to  chlorophyll. 

Previous  to  this  report,  our  knowledge 
of  the  relation  between  the  structure  of  the 
protochlorophyll  holochrome  and  its  func- 
tioning in  the  protochlorophyll-chlorophyll 
transformation  could  be  summarized  as 
follows:  The  phototransformation  pro- 
ceeds only  when  the  protochlorophyll  is 
attached  to  carrier.  The  carrier  is  un- 
doubtedly protein.  The  pigment-protein 
complex  has  a  molecular  weight  between 
0.5  and  1  X  106.  It  contains  one  or  two  pro- 
tochlorophyll residues  per  holochromatic 
particle.  The  mode  of  attachment  between 
pigment  and  protein  is  unknown  but  has 
been  postulated  from  fluorescence  polariza- 
tion measurements  to  be  through  the 
amino  acid  "tails"  of  the  protein  carrier 
(Year  Book  58,  pp.  334-336). 

A  further  analysis  of  the  relation  be- 
tween the  structure  and  function  of  the 
protochlorophyll  holochrome  by  observing 
the  effect  of  various  degrees  of  alkalinity 
on  its  physical  properties  and  transforma- 
tion will  be  given  in  this  report. 

Hydrogen-ion  activity  has  a  profound  ef- 
fect upon  the  structure  and  functioning  of 
proteinaceous  substances.  These  effects 
have  been  used  to  arrive  at  rational  con- 
cepts of  the  bonding  of  prosthetic  groups 
to  proteins,  such  as  the  binding  of  heme 
to  globin.  Because  the  protochlorophyll 
holochrome  is  likewise  a  protein-pigment 
complex,  its  behavior  when  exposed  to  dif- 
ferent degrees  of  alkalinity  should  yield 
results  interpretable  in  terms  of  holo- 
chrome structure.  For  this  reason,  the 
effect  of  alkalinity  (pH>7)  on  the  trans- 
formability  of  protochlorophyll  holo- 
chrome has  been  examined.  The  holo- 
chrome used  was  prepared  as  described  on 


page  329  and  treated  at  different  alkalini- 
ties  by  the  method  given  on  pages  329  flf. 

The  alkaline  treatment  resulted  in  in- 
hibiting the  transformation  to  various  de- 
grees, as  is  shown  in  figure  9.  At  p¥L  val- 
ues between  7.20  and  9.16,  little  if  any 
change  occurred.  The  initial  decrease  in 
transformability  observed  in  this  pH  range 
is  undoubtedly  due  to  transferring  the 
holochrome  solution  from  about  4°  to 
22  °C.  Accelerated  inactivation  of  the  holo- 
chrome by  alkali  begins  somewhere  be- 
tween the  pH  values  9.16  and  9.70. 

In  order  to  get  a  quantitative  measure  of 
the  rate  and  extent  of  the  inactivation  at 
different  /?H  values,  an  algebraic  expres- 
sion was  sought  to  fit  the  data.  The  ex- 
pression found  was  the  third-order  rate 
equation 

-dC/dt=R(C-C*y 
which  when  integrated  becomes 

j^—i L_ 

Kt        (C-Coo)2         (Co-Coo)2 

In  this  expression,  Co  represents  the  op- 
tical density  of  chlorophyll  formed  at  time 
to  without  any  action  of  alkali  on  the  holo- 
chrome; C  and  Coo  represent  the  optical 
densities  of  the  chlorophyll  formed  at 
times  t  and  tx,  respectively,  after  addition 
of  alkali;  and  R  is  the  rate  constant  of  the 
reaction.  The  solid  lines  in  figure  9  were 
calculated  from  this  equation  by  use  of 
the  appropriate  constants  given  below  each 
line. 

The  values  of  Coo  show  that  the  extent 
of  the  inactivation  increases  with  /?H  until 
at  10.88  it  is  complete.  The  rate  constant 
decreases  slightly  between  pYL  9.7  and 
10.88.  The  over-all  increase  in  the  rate  of 
the  inactivation  must  be  due,  then,  to  the 
greater  quantity  of  potentially  inactivatible 
material,  Co— Coo,  produced  by  increased 
alkalinity.  Between  pH  10.88  and  11.92,  no 
more  inactivatible  material  can  be  made 
available  because  the  maximum  amount 
had  already  been  produced  at  p¥i  10.88. 
Therefore,  the  increased  rate  of  inactiva- 
tion must  be  due  to  an  increase  in  the  rate 
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constant.  At  pU  9.70,  10.27,  and  10.88,  the 
initial  rates  of  inactivation,  —dC/dt  at 
/o,  are  proportional  to  the  hydroxyl-ion 
concentrations.  These  results  demonstrate 
the  complicated  nature  of  the  inactivation. 
One  conclusion  that  can  be  drawn  from 
these  data,  however,  is  that  some  com- 
ponent, or  components,  of  the  protochloro- 
phyll   transformation   system   is   differen- 


would  account  for  the  difference  in  the 
extent  of  the  transformation  at  different 
/?H  values. 

The  pW  values  effective  in  inhibiting 
the  transformation,  9.7  to  10.88,  possibly 
implicate  the  amino  acid  residues  tyrosine, 
cysteine,  and  lysine,  whose  reported  pK 
values  lie  in  this  range.  At  present  it  is 
impossible  to  differentiate  between  these 
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Fig.  9.     The  effect  of  pH  on  the  rate  and  extent  of  inhibition  of  the  transformability  of  proto- 
chlorophyll  holochrome. 


tially  affected  by  the  action  of  alkali.  This 
is  indicated  by  the  change  in  extent  of 
transformation  with  p¥i.  If,  as  has  been 
suggested,  protochlorophyll  is  attached  to 
different  amino  acid  tails  in  the  protein 
through  hydrogen  bonding  or  weakly 
acidic  groups  such  as  phenolic  hydroxyl, 
sulfhydryl,  or  quaternary  ammonium 
groups,  the  disruption  of  the  attachment 
by  alkali  should  be  a  function  of  the  pH 
and  of  the  dissociation  constant  of  the 
acidic    group,    designated    as    pK.     This 


residues  on  the  basis  of  p¥L  measurements. 
Measurement  of  the  transformation  in 
ultraviolet  light  shows,  however,  that  light 
absorbed  in  the  absorption  region  of  tyro- 
sine is  effective.  (Cf.  p.  325.)  The  extent 
of  the  transformation  is  limited  to  about 
25  to  30  per  cent  of  that  in  visible  light. 
After  as  much  transformation  as  possible 
has  taken  place  in  ultraviolet  light  and  the 
holochrome  solution  is  irradiated  with  visi- 
ble light,  the  same  degree  of  transforma- 
tion is  attained  as  if  all  the  irradiation  had 
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taken  place  with  visible  light  alone.  From 
this  it  is  concluded  that  ultraviolet  light  at 
the  doses  used  does  not  cause  inactivation 
of  the  holochrome,  and  that  the  light  ab- 
sorbed by  the  tyrosine  residues  is  trans- 
ferred to,  and  activates,  as  many  of  the 
pigment  molecules  as  are  associated  with 
tyrosine.  The  protochlorophyll  molecules 
attached  to  nonabsorbing  amino  acid  resi- 
dues are  not  transformed. 

The  possibility  that  the  protochloro- 
phyll, rather  than  the  protein,  is  the  ultra- 
violet absorber  is  remote  because  of  the 
relatively  low  ratio  of  pigment-to-protein 
absorption  and  because  the  conversion  did 


tivation  of  the  holochrome,  it  is  proposed 
that  perhaps  30  per  cent  of  the  protochloro- 
phyll is  bound  through  the  phenolic  group 
of  tyrosine.  The  remainder  is  probably 
bound  through  either  the  sulfhydryl  group 
of  cysteine  {pK  9.5  to  10.0),  the  £-amino 
group  of  lysine  (pK  9.4  to  10.6),  or  both. 
Since  there  are  only  one  or  two  pigment 
molecules  per  protein  it  is  only  in  the  par- 
ticles in  which  pigment  is  attached  to 
tyrosine  that  the  protochlorophyll  can  be 
transformed.  It  is  improbable  that  energy 
would  be  transferred  between  highly  dis- 
persed protein  particles. 
The  effect  of  pH  between  6.62  and  12.05 


Wavelength, m/j 

Fig.  10.    The  influence  of  pH  on  the  ultraviolet  absorption  spectrum  of  protochlorophyll  holo- 
chrome. 


not  go  as  completely  as  it  did  when  the 
protochlorophyll  was  subsequently  irradi- 
ated with  visible  light.  Had  it  been  the 
absorption  by  protochlorophyll  that  caused 
the  transformation,  the  conversion  would 
have  continued  to  completion,  since  the 
holochrome  remained  active.  Because  this 
did  not  occur,  it  may  be  inferred  that  the 
protochlorophyll  itself  did  not  absorb  the 
active  radiation. 

From  these  observations,  it  may  be  as- 
sumed that  25  to  30  per  cent  of  the  proto- 
chlorophyll is  attached  to  some  group  that 
can  absorb  and  transfer  the  absorbed  en- 
ergy to  protochlorophyll.  Because  tyro- 
sine absorbs  in  the  proper  region  of  the 
spectrum  and,  according  to  the  literature, 
has  a  pK  value  about  9.8  to  10.4,  compat- 
ible with  the  pH  range  effective  for  inac- 


on  the  ultraviolet  absorption  spectrum  of 
protochlorophyll  holochrome  also  impli- 
cates tyrosine.  The  gradual  transition  in 
the  shapes  of  the  ultraviolet  absorption 
curves  of  the  holochrome  is  shown  in  fig- 
ure 10.  The  changes  are  characteristic  of 
the  tyrosinyl  group.  From  a  large  number 
of  absorption  curves  obtained  at  different 
pH  values,  the  pK  values  for  the  constitu- 
ents whose  absorption  spectra  are  affected 
were  estimated.  One  pK  (11.0)  was  cal- 
culated from  the  change  with  pH  in  the 
optical  density  at  300  mu;  another,  pK 
10.4,  was  based  on  the  rise  with  pH  of  the 
optical  density  of  the  absorption  minimum 
near  250  mu  in  figure  10a.  At  each  pH, 
these  optical  densities  were  always  related 
to  the  optical  density  of  the  absorption 
maximum  so  as  to  eliminate  inconsisten- 
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cies  in  the  results  due  to  concentration  dif- 
ferences. The  change  in  the  ultraviolet 
absorption  spectrum  was  largely  due  to  the 
effect  of  pH  on  the  ionization  of  the 
phenolic  hydroxyl  group  in  tyrosine.  Since 
the  two  wavelengths  gave  different  pK 
values,  more  than  one  amino  acid  residue 
was  probably  involved.  A  second  amino 
acid  might  possibly  be  cystine. 

The  titration  curve  of  the  protochloro- 
phyll  holochrome,  figure  11,  also  shows  the 
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Fig.  11.  The  pH  values  of  solutions  of  proto- 
chlorophyll  holochrome  treated  with  different 
amounts  of  alkali  and  brought  to  the  same  vol- 
ume. (Titration  curve  of  protochlorophyll  holo- 
chrome.) 

presence  of  amino  acid  groups  having  pK 
values  near  10.2  and  11.3.  These  numbers 
approximate  the  pH  values  at  which  the 
inactivation  becomes  significant  (9.7  to 
10.3)  on  the  one  hand,  and  complete  (10.9 
and  greater)  on  the  other. 

Because  the  pigment  must  be  attached 
to  its  carrier  in  order  to  be  photochemically 
transformed  it  has  been  assumed  that  al- 
kali stops  the  transformation  because  it 
dissociates  the  pigment  from  its  carrier. 
Although  arguments  against  this  hypothe- 
sis can  be  made,  the  evidence  for  such  an 
assumption  seems  entirely  valid.  The  de- 


pendence of  transformability  on  pH,  and 
its  correlation  with  the  acid  dissociation 
constants  of  the  holochrome  obtained  both 
from  titrimetry  and  ultraviolet  absorption, 
point  strongly  to  a  binding  of  the  pigment 
to  protein  through  coordination  with 
amino  acid  residues  containing  phenolic, 
sulfhydryl,  or  amino  groups.  Neutraliza- 
tion of  such  coordination  groups  would 
split  the  complex,  and,  the  complex  being 
split,  the  pigment  would  not  transform. 

From  these  measurements  it  is  impos- 
sible to  state  definitively  how  the  pigment 
is  linked  to  protein.  Conceivably,  it  could 
be  coordinated  with  the  protein  through 
the  magnesium  atom  of  the  protochloro- 
phyll or  through  the  nitrogen  or  oxygen 
atoms  of  the  pheoporphyrin  ring  by  form- 
ing complexes  with  the  hydroxyl,  sulfhy- 
dryl, or  amino  groups  of  the  protein.  Only 
a  more  detailed  analysis  can  reveal  the  pre- 
cise nature  of  the  attachment. 

Preparation  of  the  holochrome.  The 
solutions  of  holochrome  used  in  these  de- 
terminations were  prepared  essentially  as 
has  been  described  in  previous  reports. 
Because  the  seed  supplier  no  longer  han- 
dles the  variety  of  bean  formerly  used, 
another  variety  had  to  be  substituted.  Dif- 
ficulties were  encountered  in  getting  satis- 
factory preparations  of  holochrome  from 
the  new  variety  of  beans,  and  changes  were 
made  in  the  preparative  procedure.  The 
chief  change  was  the  inclusion  of  cysteine 
hydrochloride  in  the  extraction  medium. 
The  extraction  medium  now  employed 
consists  of  glycine  (0.1  M),  potassium  hy- 
droxide (0.05  M),  cysteine  hydrochloride 
(0.02  M),  and  glycerine  (20  per  cent). 
Two  further  innovations  were  introduced, 
namely,  dialysis  of  the  extract  immediately 
after  removal  of  the  debris  from  the  initial 
extract  by  centrifuging,  and  dialyzing  the 
holochrome  solution  against  distilled  water 
before  finally  storing  it.  The  final  solu- 
tions so  prepared  (pH  7  to  7.5)  remain  ac- 
tive for  weeks  when  kept  in  the  dark  and 
cold. 

Procedure  for  measuring  the  effect  of 
pH  on  convertibility.    The  holochrome  so- 
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lution  (5.00  ml)  was  pipetted  into  a  10-ml 
glass-stoppered  graduated  cylinder.  This 
was  taken  from  the  dark  coldroom  to  a 
darkroom  at  about  22  °C.  When  the  solu- 
tion had  attained  room  temperature,  it  was 
treated  with  5.00  ml  of  potassium  hydrox- 
ide of  the  correct  strength  to  bring  the 
holochrome  to  the  desired  /?H.  The  solu- 
tion was  mixed,  and  2.00  ml  was  pipetted 
into  each  of  four  test  tubes  which  were 
stored  at  room  temperature  in  the  dark  for 
various  periods  of  time:  15,  30,  60,  and 
either  120  or  150  minutes.  The  remaining 
2  ml  was  used  for  determining  the  pH  of 
the  reaction  mixture.  At  the  end  of  each 
period,  the  contents  of  one  test  tube  were 
mixed  with  1.00  ml  of  the  proper  concen- 
tration of  glycine  solution  to  neutralize  the 
potassium  hydroxide  added.  The  resulting 
pH  in  the  different  runs  was  about  8.7  to 
9.7.  At  these  pH  values  the  decrease  in 
convertibility  during  the  succeeding  op- 
tical measurements  was  insignificant.  The 
absorption  spectrum  of  each  of  these  solu- 
tions was  measured  before  and  after  each 
solution  had  been  illuminated.  Illumina- 
tion was  carried  out  for  3  minutes  with 
light  of  about  800  foot-candles  intensity 
from  a  75-watt  lamp.  A  comparison  of 
the  optical  densities  of  the  chlorophyll  ab- 
sorption maxima  with  and  without  the 
treatment  with  alkali  showed  the  decrease 
in  transformability  caused  by  alkaliniza- 
tion.  In  figure  9,  the  results  obtained  at 
different  p¥L  values  are  plotted  against 
time  of  contact  with  the  alkali.  The  value 
plotted  at  zero  time  is  the  optical  density 
of  the  stock  holochrome  solution  measured 
as  soon  as  possible  after  the  solution  had 
been  taken  from  the  coldroom  and  after  it 
had  been  adjusted  for  the  dilution  caused 
by  the  experimental  procedure. 

Factors  Influencing  the  Proportion  of 
the  Forms  of  Chlorophyll  in  Algae 

Jeanette  S.  Brown 

Experiments  on  the  factors  influencing 
the  relative  proportions  of  the  various 
forms  of  chlorophyll  in  algae  have  been 


extended  this  year  with  continuing  empha- 
sis on  the  long-wavelength  forms  of  chloro- 
phyll a.  The  photosynthetic  function  of 
this  substance,  referred  to  as  Ca695,  and  an 
improved  method  for  its  detection  in  vari- 
ous algae  by  derivative  spectrophotometry 
at  liquid-nitrogen  temperatures  will  be  dis- 
cussed in  other  sections  of  this  report. 
Euglena  has  been  used  for  most  of  the 
work,  since  that  alga  may  be  grown  in 
such  a  way  as  to  contain  Ca695  in  larger 
amounts  than  is  common  in  other  species. 

In  a  number  of  cultures  of  Ochromonas 
studied  in  collaboration  with  Dr.  Allen 
an  absorption  band  was  found  at  707  m|j. 
This  band  has  also  appeared  occasionally 
in  Euglena  cultures,  although  the  condi- 
tions promoting  its  appearance  have  not 
yet  been  established.  Euglena  cells  con- 
taining this  pigment  appear  brownish 
green,  are  nonmotile,  and  are  rounded 
rather  than  having  the  normal  elongated 
form.  This  pigment  seems  to  come  only 
from  cells  that  have  previously  accumu- 
lated an  appreciable  amount  of  Ca695. 
Cells  with  the  707-m|j  absorption  band 
contain  a  proportionate  amount  of  pheo- 
phytin  that  is  detectable  in  alcohol  extracts. 
The  707-m(j  pigment  therefore  appears  to 
be  a  complex  of  pheophytin  a  in  vivo.  At- 
tempts to  produce  absorption  at  707  mu 
by  acid  treatment  of  intact  or  disintegrated 
cells  have  not  been  significantly  successful. 
Once  formed  by  natural  processes  in  the 
cells,  this  707-mp  pigment  is  stable  to  acid 
treatment  of  the  cells  or  of  their  homoge- 
nates.  The  influence  of  various  treatments 
of  Euglena  cultures  on  the  formation  and 
stability  of  Ca695  and  of  the  707-m|j  pig- 
ment tentatively  called  Pa707  will  be  de- 
scribed together. 

Light  intensity.  Some  past  experiments 
by  Myers  have  shown  that  low-light-in- 
tensity cultures  of  Chlorella  contain  more 
chlorophyll  per  unit  dry  weight  but  do  not 
have  more  chlorophyll  per  cell.  This  is 
because  of  the  small  size  of  cells  grown  at 
low  intensity. 

It   was   previously   reported   that   more 
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Ca695  is  formed  in  cultures  grown  at  low 
than  at  high  intensity.  The  amount  of 
chlorophyll  per  cell  was  therefore  deter- 
mined in  Euglena  grown  at  several  intensi- 
ties, and  a  result  different  from  that  for 
Chlorella  was  found.  Euglena  cultures 
grown  at  low  intensity  do  contain  more 
chlorophyll  a  per  cell,  as  can  be  seen  in 
table  3.  Since  the  amount  of  chlorophyll  b 
does  not  vary  with  light  intensity,  the  ra- 
tio of  chlorophyll  a/b  changes  from  about 
4  under  high  light  to  7  under  low  light. 
The  accumulation  of  Ca695  parallels  the 
increase  in  chlorophyll  a  content  per  cell. 
This  fact  is  in  line  with  the  idea  that  Ca695 
may  be  an  aggregation  of  more  than  the 


cates  that  the  Ca695  is  more  heat  labile 
than  the  other  forms  of  chlorophyll  and 
that  it  may  be  converted  in  part  to  673-mu 
absorption  by  a  mild  heat  treatment.  A 
similar  heating  experiment  with  Euglena 
rich  in  the  707-mu  component  gave  very 
little  change  of  spectrum  after  20  minutes 
at  60°.  The  spectrum  consisted  mainly  of 
Ca673  and  Pa707,  both  before  and  after 
the  heat  treatment. 

Acid  treatment.  Since  the  707-mu  com- 
ponent seems  to  be  a  bound  form  of  pheo- 
phytin,  a  number  of  attempts  were  made 
to  form  it  by  acidification  of  cells,  of 
chloroplasts,  and  of  their  water  extracts. 

Euglena  chloroplasts  can  be  prepared  by 


TABLE  3. 

The  Influence  of  Light  Intensity  on  Chlorophyll  a  and  b  Content  of  Euglena 

Intensity  during  Growth,  foot-candles 

1200                    700                     200                      50 

Age  of  culture,  days 
Chlorophyll  a  +  b,  mg/ml  culture 
Cell  volume,  ml/ml  culture 
Cell  number/ml  culture 
Chlorophyll  a,  mg/cell 
Chlorophyll  ^/chlorophyll  b 


1.0  X10-2 
3X10-3 
980  X103 
0.86  Xl0-8 
4.1 


4.6X10-2 
6xl0-3 
2152  xlO3 
1.8X10-8 
5.1 


8.5  x  10-2 
9xl0-3 
3720  x10s 
2.0  xlO"8 
6.5 


0.2X10-2 

86  XlO3 
2.4  XlO-8 
7.2 


usual  number  of  closely  associated  chloro- 
phyll molecules. 

Since  low  intensity  favors  the  accumula- 
tion of  Ca695  in  Euglena  in  such  a  striking 
way,  the  effects  of  low  and  high  intensity 
were  investigated  in  other  algae  in  which 
Ca695  is  a  less  conspicuous  component. 
Chlorella  and  Dunaliella,  but  not  Chlamy- 
domonas,  grown  at  low  intensity  gave  in- 
creased amounts  of  Ca695  in  comparison 
with  the  other  forms  of  chlorophyll. 

Heating.  A  10-day  culture  of  Euglena 
grown  at  low  intensity  gave  a  derivative 
spectrum  indicating  appreciable  quantities 
of  Ca695.  Heating  the  cells  to  45  °C  for 
5  minutes  changed  the  spectrum  only 
slightly,  whereas  heating  for  15  minutes 
changed  it  very  greatly.  After  this  treat- 
ment the  amount  of  Ca695  was  greatly  re- 
duced and  the  absorption  at  673  mu 
increased,  but  to  a  lesser  extent.  This  indi- 


difTerential  centrifugation  of  cells  ruptured 
in  the  needle-valve  press  under  relatively 
low  pressure.  When  chloroplasts  so  pre- 
pared from  cells  with  a  high  Ca695  con- 
tent are  left  overnight  at  room  tempera- 
ture at  pH  2,  a  very  different  pattern  of 
spectral  changes  is  produced  from  that  ob- 
served either  after  heating  or  after  partial 
bleaching  with  red  light.  The  major  com- 
ponents in  the  acid-treated  material  ab- 
sorbed at  about  695  and  670  mu  while 
Ca683  was  lacking.  This  acid  treatment 
had  little  effect  on  Ca695,  which  is  par- 
ticularly susceptible  to  bleaching  and  to 
heating.  Chlorophyll  b,  which  resists 
bleaching  very  well,  was  almost  com- 
pletely removed  by  acid  treatment.  A 
small  amount  of  the  707-mu  component 
was  present,  but  whether  it  existed  in  the 
original  chloroplast  preparation  or  whether 
it  arose  from  the  acid   treatment  is  not 


332        CARNEGIE  INSTITUTION  OF  WASHINGTON 


clear.  A  similar  pattern  was  found  for 
whole  cells  treated  the  same  way  except 
that  the  small  amount  of  the  707-mu  com- 
ponent of  the  cells  was  not  seen  after  the 
treatment. 

A  batch  of  old  cells  with  a  large  amount 
of  the  707-mu  component  gave  no  change 
of  spectrum  after  either  heating  or  stand- 
ing in  a  medium  of  pH  2  over  night.  Fur- 
thermore, the  green  supernatant  from  dis- 
integrated preparations  of  similar  old  cells 
was  not  changed  either  by  heating  or  by 
the  same  acid  treatment.  It  thus  appears 
that  although  the  707-mu  component  is 
probably  a  bound  form  of  pheophytin  a  it 
cannot  be  produced  in  appreciable  quanti- 
ties either  by  acid  treatment  or  by  heating. 


We  were  interested  to  see  whether  the  700- 
mu  absorption  changes  described  earlier  by 
Kok  were  related  to  Ca695  in  Euglena. 
Euglena  cells  grown  with  high  and  low 
light  intensities  were  suspended  in  1  per 
cent  methylcellulose  and  studied  in  the  dif- 
ference spectrophotometer  in  collaboration 
with  Dr.  Kok  of  R.  I.  A.  S.  in  Baltimore. 
This  is  a  double-light-beam  instrument 
which  permits  observation,  with  a  detect- 
ing beam  (I a) ,  of  the  difference  in  absorp- 
tion before  and  immediately  after  an  in- 
tense light  flash  (actinic  beam,  70).  The 
Euglena  cells  were  exposed  to  flashes  of 
a  broad  actinic  beam  with  maximum  in- 
tensity at  650  mu.  The  differences  in  ab- 
sorption caused  by  the  actinic  flash  were 


TABLE  4.     Relative  Stability  of  the  Chlorophyll  Forms 


Treatment 

Cb650 

Ca673 

Ca683 

Ca695 

Pa707 

Bright  light 

Stable 

Slightly 
bleached 

Partially 
bleached 

Bleached 

Slightly 
bleached 

Heat  45°C  15  min. 

Stable 

Stable 

Stable 

Bleached 

Stable 

Acid,  pH  2 

Bleached 

Slightly 
bleached 

Bleached 

Slightly 
bleached 

Stable 

Once  formed  in  the  cells,  however,  it  is 
resistant  to  drastic  treatment. 

Cell  disintegration.  It  has  repeatedly 
been  found  that  breaking  cells  by  extru- 
sion through  a  needle  valve  lowers  the 
proportion  of  Ca695.  Nevertheless,  all  cen- 
trifugal fractions  of  such  homogenates, 
from  intact  chloroplasts  to  the  pale  green 
supernatant,  after  prolonged  high-speed 
centrifugation,  have  spectra  identical  with 
the  spectrum  of  the  crude  homogenate.  It 
is,  however,  possible  to  lyophilize  whole 
cells  and  resuspend  them  in  water  without 
changing  the  spectrum.  In  contrast  to 
normal  cells,  old  cells  with  a  large  amount 
of  the  707-mu  component  do  not  change 
their  spectrum  when  disintegrated. 

Table  4  summarizes  the  relative  stabili- 
ties of  the  various  forms  of  chlorophyll 
and  pheophytin  in  vivo  to  various  treat- 
ments. 

Absorption  changes  induced  by   light. 


observed  at  close  wavelength  intervals 
through  the  red  absorption  band.  This  dif- 
ference, which  amounted  to  a  few  tenths 
of  a  per  cent  of  the  total  chlorophyll  ab- 
sorption, is  the  measure  of  a  reversibly 
bleached  pigment. 

Since  the  amount  of  bleaching  varies 
with  wavelength,  an  absorption  spectrum 
of  the  reversibly  bleached  pigment  can  be 
obtained.  In  both  types  of  Euglena  cells, 
the  spectrum  of  bleached  pigment  had  an 
absorption  peak  at  about  680  mu,  but  the 
cells  grown  at  low  light  intensity  contain- 
ing a  large  amount  of  Ca695  evidenced 
another  higher  absorption  peak  at  about 
700  mu.  There  was  very  little  reversibly 
bleached  pigment  at  this  wavelength  in  the 
high  light  cells  low  in  Ca695.  Thus  the 
evidence  favors  the  possibility  that  the  700- 
mu  pigment  observed  by  Dr.  Kok  and 
Ca695  described  above  are  the  same. 

At  present  we  favor  the  view  that  most 
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actively  photosynthetic  green  plants  have 
about  2  to  4  per  cent  of  their  chlorophyll 
in  a  form  absorbing  at  695  to  700  mu,  and 
that  for  some  reason,  as  yet  unknown, 
Euglena  can  accumulate  15  to  20  per  cent 
of  its  total  chlorophyll  in  this  form  when 
the  light  intensity  is  kept  low. 

The  Derivative  Absorption  Spectra  of 

Algae  and  Leaves  at  Low 

Temperature 

Y.  F.  Frei 

The  continuing  study  of  different  forms 
of  chlorophyll  a  occurring  in  plants  as  in- 
dicated by  the  derivative  absorption  spectra 
of  the  complex  red  band  has  been  extended 
this  year  by  making  the  measurements  at 
low  temperatures. 

The  several  overlapping  components 
comprising  this  complex  absorption  band 
are  detectable  in  room-temperature  spectra 
only  when  appreciable  quantities  of  each 
component  are  present.  However,  by  cool- 
ing to  about  — 180  °C  with  liquid  nitrogen, 
the  resolution  is  greatly  increased,  since  the 
reduction  of  the  vibrational  levels  sharp- 
ens the  individual  bands  very  markedly. 

A  brass  sample  holder  was  constructed 
so  that  liquid  nitrogen  could  be  pumped 
through  it  and  then  released  into  the  meas- 
uring compartment  of  the  derivative  spec- 
trophotometer. The  measuring  compart- 
ment was  insulated  from  the  outside  with 
foam  rubber  and  in  this  way  was  kept 
cold  and  dry.  When  leaves  were  used  they 
were  put  between  two  sheets  of  Lucite  in 
the  brass  block.  When  algae  were  used 
they  were  suspended  in  a  1:1  mixture  of 
glycerine  and  80  per  cent  sodium  sorbitol 
borate  in  water.  This  mixture  is  a  glass 
at  low  temperature.  The  sample  was  put 
in  a  Lucite  cell  2  mm  thick  because  the 
glycerine-sorbitol  borate  glass  cracks  in 
thicker  layers.  The  temperature  was  meas- 
ured with  a  thermocouple  placed  in  the 
medium. 

There  is  a  difference  between  the  deriva- 
tive spectrum  of  Chlorella  suspended  in 


water  and  that  of  Chlorella  suspended  in 
the  glycerine-sorbitol  borate  mixture  at 
room  temperature.  A  culture  of  Chlorella 
which  had  the  typical  shoulder  of  the  de- 
rivative spectrum  just  above  the  zero  line 
when  suspended  in  water  gave  a  spectrum 
in  this  mixture  that  had  the  shoulder 
slightly  below  the  zero  line.  This  compara- 
tively small  change  in  the  proportion  of 
Ca673  to  Ca683  shifted  the  actual  peak  posi- 
tion from  679  to  673  mu  as  shown  in  fig- 
ure 12.  There  was  no  apparent  difference 
in  the  spectra  of  the  algae  when  measured 
at  room  temperature  before  and  after  cool- 
ing. 
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Fig.  12.  The  derivative  absorption  spectrum 
at  room  temperature  of  a  Chlorella  suspension 
in  water  and  in  the  glycerine-sorbitol  borate  mix- 
ture. 

The  more  significant  spectra  observed 
are  given  in  figures  13a  and  b.  Among  the 
different  algae  investigated,  the  blue-green 
alga  Phormidium  gives  the  most  interest- 
ing results.  The  derivative  spectrum,  which 
at  room  temperature  shows  only  a  slight 
shoulder  around  675  mp  and  a  broad  tail 
in  the  negative  part  of  the  spectrum  around 
700  m|j,  gives  a  very  definite  fine  struc- 
ture on  cooling  to  —  180°C.  A  shoulder 
appears  at  about  650  mu,  a  position  nor- 
mally occupied  by  chlorophyll  b,  which  is 
not  present  in  this  species.  The  shoulder 
at  675-680  mu  becomes  a  separate  maxi- 
mum. Two  new  maxima  appear  at  695 
and  700-705  mu,  which  correspond  to  the 
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chlorophyll  a  components  observed  in  Eu- 
glena  at  room  temperature.  Practically  no 
fine  structure  was  obtained  in  the  600-  to 
700-mu  region  at  —  100°C  but  was  clearly 
evident  at  -180°C. 

The  red  alga  Porphyridium  shows  only 


appear  to  have  some  chlorophyll  a  com- 
ponents which  absorb  beyond  700  m\\. 
Euglena  grown  at  high  and  low  light  in- 
tensities showed  the  expected  sharpening 
of  the  spectrum.  Coccomyxa,  Scene  des- 
mus,  and  Pleurococcus  gave  spectra  closely 
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Fig.  13#.  Derivative  absorption  spectra  of  algae,  leaves,  and  chloroplasts  at  25  °C  and  at  approxi- 
mately —  180°C.  At  the  low  temperature  the  individual  bands  of  the  various  chlorophyll  compo- 
nents are  much  sharper. 


the  sharpening  of  the  680-mu  peak  at 
—  180°C,  but  no  new  maxima  appear  on 
the  long-wavelength  side  of  the  peak.  The 
phycobilin  spectrum  in  the  range  between 
470  and  620  mu  shows  only  a  prominent 
sharpening  of  the  peaks  already  seen  at 
room  temperature.  In  Chlorella,  cooling 
only  sharpens  the  maxima  seen  at  room 
temperature.  Chlamydomonas  and  also 
Polyedriella,  which  has  no  chlorophyll  b, 


resembling  the  spectrum  of  Chlorella  at 
both  temperatures. 

Pleurochloris ,  Tribonema,  and  Amphora 
were  scraped  from  an  agar  slant;  the  others 
were  grown  in  liquid  culture.  The  705-mu 
component  seen  in  Pleurochloris  and  Am- 
phora may  have  been  produced  by  the 
accumulation  of  a  dense  layer  of  cells  on 
the  agar. 

In  a  lettuce  leaf  the  derivative  spectrum 
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at  650  mu  showed  fine  structure  in  the 
chlorophyll  a  region  and  also  in  the  chloro- 
phyll b  region.  Such  chlorophyll  b  fine 
structure  was  observed  previously  in  sea 
lettuce  (Ulva)  at  ordinary  temperatures. 
It  may  well  be  caused  by  some  other  pig- 


components  and  the  peak  positions  of  pig- 
ments in  plant  material.  We  have  not  seen 
any  new  absorbing  entity  which  has  not 
already  been  observed  at  room  temperature 
in  some  particular  plant  species  under  cer- 
tain conditions,  but  the  low-temperature 
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Fig.  13b.    Derivative  absorption  spectra  of  algae  at  25°  and  —  180°C. 


ment  absorbing  in  the  chlorophyll  b  re- 
gion. A  Swiss  chard  chloroplast  suspen- 
sion showed  some  fine  structure  in  both 
the  chlorophyll  a  and  b  parts  of  the  spec- 
trum. 

The  curves  illustrate  that  low-tempera- 
ture derivative  spectroscopy  is  a  very  use- 
ful tool  for   determining  the  number  of 


measurements  do  reveal  small  amounts  of 
these  various  components  in  plants  where 
their  presence  was  previously  unsuspected. 
We  thus  have  reason  to  believe  that  the 
various  forms  of  chlorophyll  are  wide- 
spread in  the  plant  kingdom,  but  occur  in 
varying  proportions  depending  upon  the 
species  and  its  life  history. 
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The  Function  of  Various  Plant 
Pigments  in  Photosynthesis 

G.  C.  McLeod  and  C.  S.  French 

New  measurements  of  action  spectra  for 
photosynthesis,  of  its  enhancement  by  pairs 
of  wavelengths,  and  of  the  chromatic 
transient  effect  have  recently  been  made  by 
Professor  Blinks  of  the  Hopkins  Marine 
Station,  by  Professor  Haxo  and  Mr.  Fork 
at  the  University  of  California  at  La  Jolla, 
by  Professor  Rabinowitch's  group  at  the 
University  of  Illinois,  and  in  this  labora- 
tory by  Professor  Myers. 

Consideration  of  these  measurements 
and  of  several  experiments  discussed  be- 
low leads  us  to  favor  the  late  Professor 
Emerson's  suggestion  that  there  are  two 
different  photochemical  steps  in  photo- 
synthesis which  are  driven  by  different  pig- 
ment systems. 

Our  first  guess  as  to  the  nature  of  the 
two  separate  reactions  would  be  that  one 
formed  a  reducing  substance  and  the  other 
caused  photophosphorylation.  Whether  or 
not  the  two  different  photoreactions  lead 
directly  to  these  specific  chemical  events 
remains  to  be  substantiated.  Nevertheless, 
in  our  opinion  it  is  now  clear  that  photo- 
synthesis should  not  be  regarded  as  a  single 
photochemical  process,  branching  later  at 
the  purely  chemical  level,  but  rather  as 
consisting  of  two  interdependent  primary 
reactions  activated  by  different  pigments. 
This  concept  is  in  the  controversial  stage 
of  development,  and,  although  it  has  been 
suggested  by  several  others,  it  has  not  yet 
been  generally  accepted.  The  two-pigment 
theory  supposes  that  the  so-called  "acces- 
sory pigments"  have  a  specific  chemical 
function  in  addition  to  increasing  the 
light-absorbing  capacity  of  the  plant.  In 
addition  to  the  phycobilin  proteins,  cer- 
tain carotenoids,  and  chlorophyll  c,  which 
have  usually  been  considered  to  constitute 
this  group  of  pigments,  it  appears  that 
chlorophyll  b  and  in  some  algae  the  673- 
m|J  form  of  chlorophyll  a  should  also  be 
considered  the  functional  equivalent  of  the 
accessory  pigments.   The  idea  of  two  dif- 


ferent cooperative  photochemical  reactions 
driven  by  different  pigment  systems  has 
been  found  useful  in  understanding  on  a 
common  basis  (1)  the  Emerson  enhance- 
ment effect,  (2)  the  Blinks  chromatic 
transients,  (3)  the  variation  of  the  time 
course  of  photosynthesis  with  wavelength, 
(4)  the  nonlinearity  of  photosynthesis  at 
low  intensity  at  certain  monochromatic 
wavelengths,  (5)  the  function  of  the  ac- 
cessory pigments,  (6)  to  a  limited  extent 
the  action  spectrum  of  photosynthesis  at 
saturating  light  intensity,  (7)  the  wave- 
length-dependent types  of  reversible  ab- 
sorption found  by  Dr.  Witt,  and  (8)  the 
differing  roles  in  photosynthesis  of  the 
several  forms  of  chlorophyll  a. 

An  explanation  of  the  chromatic  tran- 
sient effect  through  the  differential  influ- 
ence of  light  on  respiration  when  different 
pigments  are  activated  has  been  proposed 
by  Professor  Blinks.  Perhaps  this  change 
of  the  respiratory  rate  with  wavelength 
could  also  have  a  bearing  on  the  interpre- 
tation of  both  the  enhancement  effect  and 
the  shape  of  the  high-intensity  action  spec- 
trum. Whether  the  two-pigment  mecha- 
nisms or  the  wavelength  dependence  of 
respiration  on  wavelength  or  some  com- 
bination of  both  ideas  which  are  not  mu- 
tually exclusive  will  account  for  all  the 
phenomena  in  specific  detail  remains  to 
be  seen. 

Strangely  enough  there  is  good  reason 
to  believe  that  Ca695  does  not  act  as  a  final 
receiver  for  energy  absorbed  by  other  pig- 
ments. This  conclusion  is  inescapable,  be- 
cause the  direct  activation  by  light  of 
Ca695,  in  cells  already  receiving  shorter 
wavelengths,  leads  to  specific  increases  in 
rate  of  photosynthesis  through  the  en- 
hancement effect. 

In  making  measurements  with  algae  on 
the  surface  of  a  polarized  platinum  elec- 
trode, a  striking  lack  of  proportionality 
between  the  intensity  of  weak  monochro- 
matic light  and  rate  of  photosynthesis  has 
frequently  been  observed.  The  deviations 
are  in  the  opposite  direction  from  those 
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described  some  years  ago  by  Dr.  Kok.  At 
first  this  deviation  from  linearity  was  as- 
sumed to  be  caused  by  a  lack  of  sufficient 
oxygen  in  the  medium  surrounding  the 
cells,  and  was  dismissed  as  a  nuisance  in- 
herent in  the  method  of  measurement. 
There  are,  however,  preliminary  indica- 
tions that,  over  the  same  range  of  photo- 
synthesis rates,  linear  results  may  be  ob- 
tained from  white  light  but  highly  non- 
linear results  from  certain  wavelengths  of 
monochromatic  light.  This  nonlinearity 
can  lead  to  apparent  enhancement  from 
two  low-intensity  light  beams  even  of  the 
same  wavelength.  Therefore  it  is  essential 
to  establish  the  proportionality  of  rate  to 
intensity  before  undertaking  enhancement 
measurements.  We  have  not  yet  seen  the 
"negative  enhancement"  observed  by  Em- 
erson, although  algae  showing  the  Kok  ef- 
fect would  presumably  give  an  apparent 
negative  enhancement  over  certain  in- 
tensity ranges. 

Action  spectra  for  photosynthesis  and  for 
enhancement.  In  last  year's  report,  action 
spectra  for  photosynthesis  in  Chlorella 
showed  the  influence  of  additional  back- 
ground light  of  two  different  wavelengths. 
The  differences  between  these  spectra  gave 
the  spectra  of  the  pigments  causing  the 
Emerson  enhancement  effect  and  agreed 
generally  in  the  chlorophyll  b  region  with 
his  work  and  that  of  others.  To  this  was 
added  the  spectrum  of  the  long-wave- 
length partner  Ca695.  Myers  and  French 
reported  last  year  (Year  Book  58,  pp.  326- 
327)  that  Ca673  performs  the  same  func- 
tion as  chlorophyll  b  in  Chlorella  by  en- 
hancing the  action  of  Ca695.  This  effect  of 
Ca673  shows  clearly  in  the  data  of  Blinks 
for  Enteromorpha  and  Nereocystis  and 
has  been  confirmed  for  Chlorella  by  Go- 
vindjee  and  Rabino witch,  who  also  found 
it  in  Navicula. 

This  function  of  Ca673  as  an  "accessory 
pigment"  was  further  studied  this  year  in 
several  algae  having  only  chlorophyll  a  in 
its  several  forms  but  lacking  chlorophyll  b. 
Figure  14  shows  action  spectra  for  such  an 
alga,  Botrydiopsis,  with  background  wave- 


lengths from  interference  filters  chosen  to 
activate  two  different  forms  of  chlorophyll 
a.  The  action  of  Ca673  and  Ca695  as  a 
mutually  enhancing  pair  of  pigments 
clearly  shows  that  these  two  kinds  of 
chlorophyll  a  are  functionally  different.  It 
seems  necessary  to  add  Ca673  to  the  list 
of  accessory  pigments,  if  we  define  an  "ac- 
cessory" pigment  as  one  that  increases  the 
effectiveness  of  light  absorbed  by  a  longer- 
wavelength  form  of  chlorophyll  a. 

Since  the  enhancement  involves  two  dif- 
ferent pigments  there  are  two  action  spec- 
tra for  the  effect,  one  for  each  pigment. 
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Fig.  14.  The  action  spectrum  for  photosyn- 
thesis in  Botrydiopsis  with  different  background 
wavelengths.  The  difference  between  the  curves 
gives  the  spectra  of  the  pair  of  mutually  en- 
hancing pigments. 

The  action  spectrum  for  the  long-wave- 
length partner,  Ca695,  given  in  Year  Book 
58,  page  326,  barely  reached  beyond  the 
peak.  The  long-wavelength  part  of  this 
curve  for  Chlorella  is  extended  in  figure  15, 
where  the  measurements  for  photosynthe- 
sis in  the  long-wavelength  red  region  are 
given  with  and  without  a  background 
light  of  650  mu.  The  difference  curve  is 
clearly  skewed,  perhaps  indicating  some 
participation  by  a  chlorophyll  a  form  of 
even  longer  wavelength  in  addition  to  the 
Ca695  component  which  causes  most  of  the 
effect.  In  Chlorella  it  is  clear  that  the  long- 
wavelength  enhancement  partner  is  pre- 
dominantly Ca695,  though  a  small  part  of 
the  effect  could  be  due  to  Ca683. 
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In  various  red  algae,  however,  the 
chlorophyll  a  forms  of  shorter  wavelength 
than  Ca695  also  act  as  enhancement  part- 
ners to  phycoerythrin  activation. 

In  the  green  and  yellow-green  algae  so 
far  studied,  the  activation  of  accessory  pig- 
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Fig.  15.  Action  spectra  for  Chlorella  pyrenoi- 
dosa  with  and  without  650-mn  background  light. 
The  difference  between  the  curves  is  the  spec- 
trum for  the  long-wavelength  form  of  chloro- 
phyll a,  Ca695,  whose  action  is  enhanced  by 
chlorophyll  b  absorption. 

ments  leads  to  an  increase  in  effectiveness 
of  light  specifically  absorbed  by  Ca695  but 
not  by  other  forms  of  chlorophyll  a.  In  red 
algae,  light  absorbed  by  phycoerythrin  ap- 
pears to  increase  the  effectiveness  of  all 
chlorophyll  a  forms,  but  this  increased  ef- 


fectiveness is  not  necessarily  equal  for  all 
the  forms  present,  as  will  be  discussed 
below. 

A  blue-green  alga,  Phormidium  persi- 
cinum,  when  grown  at  low  light  intensity 
is  deep  red  and  contains  very  little  phyco- 
cyanin  but  a  large  amount  of  phyco- 
erythrin. Its  derivative  absorption  spec- 
trum at  room  temperature  and  at  —  180°C 
appear  in  figure  Yha.  We  are  indebted  to 
Dr.  Luigi  Provasoli  for  the  culture  of  this 
alga  and  for  information  on  its  growth 
requirements. 

The  action  spectra  for  photosynthesis  of 
Phormidium  with  two  different  back- 
ground lights,  A694  and  A570,  are  given  in 
figure  16.  The  differences  between  these 
action  spectra  which  give  the  enhancement 
spectra  for  the  two  complementary  pig- 
ments are  also  shown.  As  in  the  earlier 
work  of  Haxo  and  Blinks  the  chlorophyll 
region  is  nearly  inactive  unless  the  phyco- 
erythrin also  absorbs  light.  By  contrast 
with  green  algae,  however,  all  the  forms 
of  chlorophyll  a  in  red  algae,  not  only 
Ca695,  are  made  more  effective  by  addition 
of  light  absorbed  by  phycoerythrin. 

In  the  enhancement  spectrum  of  the 
phycoerythrin,  shown  in  the  lower  part  of 
figure  16,  there  is  an  indication  of  separate 
peaks  near  550  and  570  mp.  The  enhanc- 
ing effect  of  light  absorbed  by  these  two 
peaks  separately  was  measured  in  the  red 
chlorophyll  a  region  by  comparing  the  ac- 
tion spectra  produced  by  background  il- 
lumination of  556  and  567  mu.  Interfer- 
ence filters  with  half  widths  of  about  11 
mu  were  used  with  a  tungsten  lamp  for 
the  background  beam.  The  intensities  of 
the  two  beams  were  adjusted  to  give  the 
same  single  rate  of  photosynthesis.  The 
resulting  photosynthetic  action  spectra 
near  the  red  chlorophyll  a  peak  is  shown 
in  figure  17.  Wavelength  556  mu  increases 
the  photosynthetic  ability  of  Ca683  and 
Ca695  more  than  it  does  that  of  Ca673. 
Wavelength  567  mu,  however,  preferen- 
tially raises  the  effectiveness  of  Ca673  over 
that   of  the   longer-wavelength   forms   of 
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Fig.  16.  Action  spectra  for  Phormidium  persicinum  with  background  light  of  570  mu  preferen- 
tially absorbed  by  phycoerythrin  and  of  694  mu  preferentially  absorbed  by  Ca695.  The  difference 
curves  show  enhancement  of  phycoerythrin  action  by  694  mu  and  of  Ca683  as  well  as  Ca695  by 
570  mp. 


chlorophyll  a.   Repetitions  of  this  experi- 
ment gave  essentially  similar  effects  but 
with  minor  differences  in  the  shapes  of  the 
curves. 
The    implications    of    this    experiment 
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Fig.  17.  Action  spectra  for  Phormidium  with 
two  different  background  wavelengths  which  are 
near  two  different  absorption  peaks  of  phyco- 
erythrin detectable  in  the  low-temperature  ab- 
sorption spectra  of  figure  13#.  Wavelength  567 
mu  preferentially  enhances  the  shorter-wave- 
length forms  of  chlorophyll  a;  wavelength  556 
mu  has  a  greater  effect  on  enhancement  of  the 
longer-wavelength  form. 


have  not  yet  been  explored,  but  interpreta- 
tions based  on  the  formation  of  specific 
chemical  products  from  different  pigments 
perhaps  should  be  supplemented  by  con- 
siderations of  particularly  close  spatial  as- 
sociation of  the  570-mu-absorbing  phyco- 
erythrin component  with  Ca673  and  of 
550-m|j  phycoerythrin  with  Ca683  or 
Ca695. 

A  comprehensive  study  of  action  spectra 
for  chromatic  transients  and  for  enhance- 
ment, published  during  the  year  by  Pro- 
fessor Blinks,  bears  directly  on  the  identi- 
fication of  enhancing  pairs  of  pigments 
since  the  effects  were  measured  with  two 
appropriately  chosen  background  lights. 

From  Blinks's  data  it  appears  that  in  the 
red  alga  Porphyra  perforata  only  Ca695 
acts  as  an  enhancement  partner  to  phyco- 
cyanin  absorption.  In  P.  thuretii,  however, 
Ca683  seems  to  be  a  more  effective  partner 
than  Ca695  for  enhancement  of  phyco- 
erythrin activation.  It  therefore  appears 
that  further  study  of  enhancement  spectra 
from  a  wide  variety  of  wavelengths  in  a 
single  alga  may  show  specific  correlations 
of  the  different  chlorophyll  a  forms  with 
certain  of  the  phycobilin  pigments.  In  a 
single  alga  there  may  be  several  different 
pairs  of  mutually  enhancing  pigments. 
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The  Variation  of  Enhancement  of 

Photosynthesis  with   Conditions 

of  Algal  Growth 

G.  C.  McLeod 

Emerson  discovered  that  photosynthesis 
at  about  700  mu,  which  is  usually  inef- 
ficient in  green  plants,  becomes  more  ef- 
ficient when  shorter  wavelengths  are  given 
simultaneously.  This  he  called  enhance- 
ment. The  enhancement  of  photosynthe- 
sis may  be  defined  as  the  ratio  of  the  rate 
of  photosynthesis  obtained  by  illumination 
with  two  wavelengths  simultaneously  to 
the  sum  of  the  photosynthetic  rates  pro- 
duced by  each  wavelength  separately.  The 
action  spectrum  of  this  effect  caused  by 
shorter  wavelengths  has  been  measured  in 
several  laboratories.  Chlorophyll  b  is  the 
chief  pigment  causing  better  utilization  of 
the  long-wavelength  light  in  green  algae. 
Furthermore,  the  same  function  is  carried 
out  by  the  phycobilins  in  red  or  blue-green 
algae.  In  different  organisms  enhancement 
may  be  variously  achieved  by  the  simul- 


Photosynthesis  was  measured  by  a  po- 
larographic  method  by  means  of  a  station- 
ary bright  platinum  electrode.  The  cells 
were  illuminated  by  two  light  beams.  The 
first  beam  of  650  mu  was  presented  by  a 
monochromator  with  slits  adjusted  to  give 
5-mu  half  bandwidth.  A  second  light 
beam  of  694  mu  from  a  small  slide  pro- 
jector presented  a  slightly  oblique  illu- 
mination to  the  cells.  Its  intensity  was  con- 
trolled by  the  lamp  voltage  and  its  spectral 
character  by  an  interference  filter  having 
an  11-mu  half  bandwidth  centered  at  694 
mu.  Red  glass  was  used  to  cut  oft*  wave- 
lengths shorter  than  660  mu. 

The  projector  beam  was  adjusted  to  an 
intensity  such  that,  after  switching  from 
the  monochromator  beam,  an  equal  steady- 
state  photosynthesis  rate  was  obtained.  The 
monochromatic  beam  was  then  added  to 
the  projector  beam  for  a  time  necessary  to 
obtain  a  new  steady  rate  of  photosynthesis. 
The  procedure  gives  enhancement  in  terms 
of  the  total  light  presented,  namely  as 


Enhancement  = 


Rate  (650  +  694  mu)  presented  together 
Rate  650  mu  +  Rate  694  mu  presented  separately 


taneous  activation  of  certain  forms  of 
chlorophyll  a  and  of  an  accessory  pigment 
which  may  be  either  chlorophyll  b,  the 
673-mu  form  of  chlorophyll  a,  a  phycobilin, 
or  a  carotenoid. 

In  a  further  analysis  of  enhancement, 
the  effects  of  culture  conditions  have  been 
examined.  In  this  report  the  consequences 
of  varying  the  age  and  the  nutrition  of 
Chlorella  vulgaris  and  Chlorella  pyrenoi- 
dosa are  reported. 

The  unicellular  algae  C.  vulgaris  and 
C.  pyrenoidosa  were  cultured  in  Knop's 
solution  of  the  following  composition: 
MgS04-7H20,  0.0103  M;  KN03,  0.0124 
M;  KH2PO4,  0.0092  M;  K2HPO4,  0.0092 
M;  and  1  ml  of  trace  element  mixture.  Air 
containing  5  per  cent  CO2  was  bubbled 
through  the  culture  during  growth.  Con- 
tinuous illumination  was  provided  by  two 
15-watt  fluorescent  lamps  15  cm  from  the 
culture  tubes  (light  intensity  about  300 
foot-candles).  The  temperature  was  held 
at  23.4°C. 


Several  algal  species  (Ochromonas  sp., 
Navicula  minima,  Amphora  exigua)  cul- 
tured in  this  laboratory  on  complete  media 
have  so  far  never  shown  bichromatic  en- 
hancement of  photosynthesis,  perhaps  be- 
cause of  unfavorable  culture  conditions  or 
age.  Table  5  (lines  1  to  3)  gives  illustrative 
data. 

Enhancement  has  always  been  found  un- 
der favorable  conditions  in  Chlorella  vul- 
garis and  C.  pyrenoidosa.  In  these  organ- 
isms the  enhancement  of  photosynthesis 
varies  during  the  growth  cycle  of  algal 
cells.  It  is  at  a  maximum  in  the  logarith- 
mic phase  of  growth,  decreases  during  the 
stationary  phase,  and  becomes  negligible 
in  aged  cells,  as  seen  in  table  5  (lines 
5  to  7). 

The  enhancement  also  varies  with  the 
composition  of  the  medium.  Chlorella  cells 
transferred  during  their  logarithmic 
growth  phase  to  a  medium  deficient  in 
phosphate  and  illuminated  further  for  2 
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TABLE  5.    The  Variation  of  Enhancement  with  Algal  Species  and  Phase  of  Growth 


Organism 


Medium 


Conditions  or 
Additions 


Enhancement 


1.  Ochromonas  sp. 

Allen 

None 

1.0 

2.  Navicula  minima 

Tanada 

None 

1.0 

3.  Amphora  exigua 

Starr 

None 

1.0 

4.  Amphora  exigua 

Starr 

Pyrophosphate 
(10-5M) 

1.5-1.7 

5.  Chlorella  vulgaris 

Knop 

Log  phase 

1.5-1.79 

6.  Chlorella  pyrenoidosa 

Knop 

Stationary  phase 

1.4 

7.  Chlorella  pyrenoidosa 

Knop 

Aged  cells 

1.0 

days  show  no  enhancement,  as  is  seen  in 
table  6  (line  5) . 

If  Chlorella  cells,  incubated  in  a  medium 
with  phosphate  excluded,  are  transferred 
to  a  complete  medium,  enhancement  is 
significant  within  24  hours.  Enhancement 
also  persists  if  the  cells  are  transferred  to  a 
complete  medium  which  has  been  diluted 
tenfold.  A  twentyfold  dilution  of  the  com- 
plete medium  prevents  reactivation  of  the 
enhancement.  The  range  of  phosphate  ad- 
dition which  reactivates  enhancement  is 
between  10"4  and  10~2  M.  The  addition  of 
higher  concentrations  of  phosphate  does 
not  increase  the  enhancement  further. 

To  the  phosphate-deficient  medium  vari- 
ous nutrients  were  added,  as  shown  in 
table  6  (lines  4  to  10).  Phosphate  is  not 
the  only  ion  that  reactivates  enhancement 
of  phosphate-deficient  cells.  A  mixture  of 
Mn,  Zn,  Fe,  Cu,  and  Co,  added  as  the 
chlorides,  together  with  boric  acid  (10~6 
M)    reactivates  enhancement  within   the 


same  period  of  time  as  phosphate.  The 
addition  of  these  ions  separately  does  not 
reactivate  enhancement. 

In  contrast  to  the  24  hours  needed  for 
phosphate  to  reactivate  enhancement  the 
addition  of  pyrophosphate  to  cells,  grown 
in  phosphate-deficient  medium,  reactivates 
enhancement  to  the  normal  value  within  1 
to  3  hours.  The  effect  of  pyrophosphate  on 
cells  in  complete  medium  is  dramatic: 
the  enhancement  is  increased  70  per  cent 
above  normal.  Pyrophosphate  is  also  ef- 
fective in  producing  an  enhancement  in 
cells  which  do  not  show  enhancement  in 
complete  media,  table  5  (line  4) . 

These  experiments  emphasize  that  the 
Emerson  effect  is  not  a  universal  phe- 
nomenon but  is  dependent  upon  the  algal 
species,  the  growth  phase  of  the  algae, 
and  culture  conditions — specifically  their 
phosphorus  nutrition.  How  the  presence  of 
phosphate,  and  especially  pyrophosphate, 
promotes  the  Emerson  enhancement  effect 


TABLE  6.    Factors  Influencing  the  Enhancement  of  Photosynthesis  in  Chlorella 


Medium 

Additions 

Enhancement 

1.  Knop's 

None 

1.5  -1.79 

2.  1/10  Knop's 

None 

1.25-  1.5 

3.  1/20  Knop's 

None 

1.0  -1.15 

4.  Knop's 

Pyrophosphate  (10~5  M) 

2.0  -2.5 

5.  Knop's  deficient  in  P04 

None 

1.0 

6.  Knop's  deficient  in  P04 

PO4(10"2M) 

1.25-1.5 

7.  Knop's  deficient  in  P04 

PO4(10"*M) 

1.25-1.5 

8.  Knop's  deficient  in  P04 

Ions:  Mn,  Cu,  Co,  Fe,  Zn 
as  chlorides  and  boric  acid 
added  separately 

1.0 

9.  Knop's  deficient  in  P04 

Ions  added  together 

1.25-1.5 

10.  Knop's  deficient  in  P04 

Pyrophosphate  (10~5  M) 

1.5  -1.8 
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can  only  be  surmised.  That  phosphates, 
and  the  pyrophosphate  linkages,  play  a  sig- 
nificant role  in  photosynthesis  and  sugar 
metabolism  is  well  known.  High-energy 
phosphate  bonds,  pyrophosphate  and  poly- 
phosphate groups,  result  from  illumina- 
tion of  chloroplasts  in  the  presence  of 
adenosine  monophosphate  and  adenosine 
diphosphate.  The  energy  stored  in  these 
structures  is  in  some  manner  coordinated 
with  photosynthetic  reduction.  That  py- 
rophosphate is  more  effective  in  enhance- 
ment than  phosphate  suggests  that  the 
pyrophosphate  is  more  readily  converted 
into  high-energy  compounds  than  phos- 
phate, and  that  both  are  utilized  more  ef- 
fectively through  use  of  two  wavelengths 
of  light  than  through  one.  Whether  the 
photophosphorylation  reaction  is  driven  by 
a  different  pigment  system  from  the  reac- 
tion forming  the  reducing  power  may  be 
decided  with  further  experimentation. 

Action  Spectra  of  Light-Saturated 
Photosynthesis 

G.  C.  McLeod 

At  low  light  intensities  the  rate  of  pho- 
tosynthesis is  directly  determined  by  the 
intensity  and  color  of  the  light  absorbed. 
It  is  only  slightly  influenced  by  tempera- 
ture and  C02  concentration. 

At  high  light  intensities  a  saturation  is 
reached  so  that  a  further  increase  in  the 
light  intensity  does  not  increase  the  rate 
of  photosynthesis.  The  photosynthetic 
rate  at  saturating  intensities  is  determined 
by  the  temperature,  the  CO2  concentration, 
and  the  physiological  state  of  the  plant.  It 
has  generally  been  supposed  to  be  inde- 
pendent of  the  wavelength  of  the  light. 

This  report  deals  with  the  photosyn- 
thetic rate  at  different  wavelengths  within 
the  broad  intensity  range  above  the  level 
of  light  saturation  but  below  intensities 
causing  photochemical  damage  to  the 
plant.  Contrary  to  expectation,  there  was 
structure  in  the  action  spectrum  of  photo- 
synthesis at  saturating  light  intensities. 

The  platinum  electrode   was  used  for 


measuring  the  rate  of  oxygen  evolution  by 
photosynthesis.  A  1000-watt  tungsten  pro- 
jection lamp  and  a  high-pressure  water- 
cooled  mercury  lamp  (PEK  Labs,  Palo 
Alto,  California)  served  as  sources  of  light. 
An  image  of  each  lamp  was  focused  simul- 
taneously on  the  platinum  electrode  by 
large  condenser  lenses  and  mirrors.  The 
light  intensity  was  adjusted  by  means  of 
variable-voltage  transformers.  Interfer- 
ence filters  were  combined  with  colored 
glass  filters  to  give  reasonably  monochro- 
matic light  (about  10-mu  half  bandwidth) . 
Infrared  radiation  was  removed  with 
water  and  "Calflex"  infrared  reflecting  fil- 
ters. 

The  unicellular  algae  Chlorella  pyrenoi- 
dosa,  Porphyridium  cruentum,  Phormi- 
dium  persicinum,  and  Botrydiopsis  alpina 
were  used.  Chlorella  was  cultured  in 
Knop's  solution  in  a  continuous  culture 
apparatus;  Porphyridium  and  Phormi- 
dium  were  cultured  in  Provasoli's  modi- 
fied sea-water  medium  under  daylight 
illumination,  and  Botrydiopsis  was  cul- 
tured on  Bristol's  agar  medium  under  con- 
tinuous illumination  from  two  15-watt 
fluorescent  tubes. 

Cells  from  the  cultures  of  Chlorella  and 
Porphyridium  were  centrifuged  and  di- 
luted with  their  respective  media  to  25 
cmm  cells/cc.  This  suspension  was  pi- 
petted onto  the  platinum  electrode  at  the 
bottom  of  a  well  0.25  mm  deep,  and  cov- 
ered with  a  piece  of  moistened  dialyzing 
membrane.  Cells  of  Botrydiopsis  were 
scraped  from  the  agar  and  spread  in  a  thin 
layer  as  a  paste  on  a  platinum  electrode 
set  flush  with  the  adjacent  supporting  sur- 
face of  Lucite.  Phormidium  was  studied 
by  lifting  mats  of  filaments  which  had 
grown  out  very  uniformly  at  the  surface 
of  sea  water  and  spreading  them  as 
smoothly  as  possible  over  an  electrode 
flush  with  the  surface. 

After  the  algae  were  introduced  the 
whole  assembly  was  immersed  in  a  650-cc 
bath  of  the  growth  medium  which  had 
been  aerated  with  5  per  cent  CO2  in  air. 
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During  the  measurements  5  per  cent  C02 
in  air  flowed  through  the  gas  phase  of  the 
electrode  assembly.  The  room  tempera- 
ture was  constant  at  21°  to  22  °C. 

The  light  intensity  on  the  cells  was  tested 
for  saturation  by  a  wire  screen  which  trans- 
mitted 68  per  cent  of  the  incident  light. 
If,  when  the  screen  was  removed,  there 
was  less  than  a  1  per  cent  deviation  in  the 
rate  of  photosynthesis,  the  algae  were 
judged  to  be  adequately  light  saturated  for 
that  wavelength. 

Chlorella,  an  alga  with  chlorophyll  a, 
the  carotenoid  accessory  pigments,  and 
chlorophyll  b,  was  used  for  many  of  the 
experiments  on  photosynthesis  at  saturat- 
ing light  intensities.  At  the  start  of  the 
record,  a  dark  period  was  followed  by  a 
period  in  the  light  at  a  selected  wave- 
length. When  the  screen  was  put  between 
the  light  source  and  the  algae  no  deviation 
of  the  photosynthetic  rate  was  recorded, 
showing  that  the  algae  were  at  a  saturation 
level  for  this  wavelength.  After  another 
dark  period  the  light  was  turned  on  and 
a  level  of  saturation  was  measured  for 
light  of  another  wavelength. 

A  comparison  of  the  differences  in  the 
recorder  deflection  during  exposures  to  sat- 
urating light  and  in  darkness  gave  the 
high-intensity  action  spectrum  of  Chlorella 
shown  in  figure  18.  To  include  the  many 
sets  of  measurements  the  data  were  nor- 
malized at  650  mu.  The  vertical  line  at 
each  wavelength  is  an  estimate  of  the  prob- 
able error  of  a  single  observation;  the  rec- 
tangle is  an  estimate  of  the  probable  error 
of  the  mean  for  the  number  of  observa- 
tions, AT". 

The  resulting  action  spectrum  has  two 
peaks:  one  at  650  mu,  and  a  higher  maxi- 
mum at  440  mu.  The  rate  of  photosynthe- 
sis at  saturating  intensities  of  710  mu  and 
376  mu  is  about  one-half  that  at  the  peak 
position;  and  photosynthesis  when  satu- 
rated at  730  mu  is  one-quarter  that  of  the 
peak  value.  There  is  a  minimum  in  the 
spectrum  between  650  and  510  mu,  and  a 
suggestion   of   either    a   maximum   or   a 


shoulder  in  the  wavelength  region  680  to 
694  mu. 

When  photosynthesis  in  Chlorella  was 
measured  at  a  saturating  intensity  of  650 
mu  the  addition  of  saturating  intensities 
of  710  mu  gave  no  increase  of  rate. 

Figure  18  (insert)  also  shows  the  low- 
intensity  action  spectrum  of  photosynthesis 
in  Chlorella  as  measured  with  the  auto- 
matic recording  arrangement  described  in 
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Fig.  18.  The  action  spectrum  of  Chlorella 
pyrenoidosa  in  saturating  light.  The  insert  shows 
the  low-intensity  action  spectrum  of  photosyn- 
thesis in  Chlorella. 

last  year's  report.  The  low-intensity  curve 
is  the  reciprocal  of  the  relative  number  of 
incident  quanta  required  to  keep  the  pho- 
tosynthetic rate  constant  as  the  wavelength 
varies.  The  actual  rate  used  for  the  low- 
intensity  curve  was  about  0.006  that  of  the 
rate  at  saturation  at  650  mu.  A  different 
culture  of  the  same  strain  was  used  on  the 
same  electrode  as  was  used  for  the  high- 
intensity  spectra.  The  rate  scales  are  not 
comparable,  and  the  low-intensity  curve 
is  greatly  enlarged. 
High-intensity  action  spectra  for  algae 
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containing  chlorophyll  a,  accessory  carote- 
noid  pigments,  and  phycobilins,  but  no 
chlorophyll  b,  were  studied  between  483 
and  730  m|j.  The  action  spectrum  for 
Phormidium  (fig.  19)  shows  a  maximum 
in  the  region  of  phycocyanin  absorption 
(550  to  615  mu)  and  a  shoulder  in  the 
region  of  chlorophyll  absorption. 

The  action  spectrum  for  Botrydiopsis, 
an  alga  that  has  chlorophyll  a  and  acces- 
sory carotenoid  pigments  but  no  chloro- 
phyll b,  is  shown  also  in  figure  19.  Meas- 
urements with  and  without  an  intervening 
dark  period  agreed,  and  both  are  included 
in  the  figure.   The  spectrum  of  this  alga 
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Fig.  19.  The  action  spectra  of  Phormidium 
persicinum  and  of  Botrydiopsis  alpina  in  saturat- 
ing light. 

resembles  that  of  Chlorella  except  that  the 
maximum  in  the  red  is  at  680  rather  than 
at  650  mu,  and  the  blue  maximum  is  at 
420  rather  than  at  440  mu.  There  is  also 
an  indication  of  a  third  peak  at  about 
600  mu. 

The  results  show  that  in  saturating  light 
the  rate  of  photosynthesis  is  dependent 
upon  wavelength.  This  would  not  have 
been  expected  from  the  classical  explana- 
tion of  the  shape  of  the  curve  relating 
photosynthetic  rate  to  light  intensity. 

The  shape  of  the  high-intensity  action 
spectrum  may  be  related  to  the  Emerson 
enhancement  effect.  The  enhancement  of 
photosynthesis  has  been  defined  as  the  in- 
creased rate  of  photosynthesis  obtained  by 
illumination  with  two  wavelengths  simul- 


taneously as  compared  with  the  sum  of  the 
photosynthetic  rates  produced  by  each 
separately.  Emerson  discovered  that  light 
at  about  700  mp,  which  is  usually  inef- 
ficient for  the  photosynthesis  of  green 
plants,  becomes  more  efficient  when 
shorter  wavelengths  are  given  simultane- 
ously. The  action  spectrum  of  the  en- 
hancement effect  caused  by  shorter  wave- 
lengths as  measured  in  various  laboratories 
and  discussed  in  last  year's  report  was  in- 
terpreted as  showing  that  chlorophyll  b 
was  the  main  pigment  whose  activation 
increased  the  effectiveness  of  long-wave- 
length red  light.  Furthermore,  in  algae 
with  accessory  pigments  but  lacking 
chlorophyll  b,  the  phycobilins  act  similarly 
to  chlorophyll  b  in  Chlorella  for  causing 
enhancement  of  photosynthesis  at  long 
wavelengths.  At  saturating  intensities  the 
peak  at  650  mu  in  the  action  spectrum  for 
Chlorella  suggests  that  the  Emerson  en- 
hancement effect  is  basically  the  reason  for 
the  structure  shown  in  the  high-intensity 
action  spectrum. 

In  Botrydiopsis,  lacking  chlorophyll  b 
and  other  accessory  pigments,  the  maxi- 
mum in  the  high-intensity  action  spectrum 
appears  at  680  rather  than  at  650  mu  as  in 
Chlorella.  The  action  spectrum  of  Botry- 
diopsis at  low  light  intensity  has  the  peak 
at  680  mu.  At  low  light  intensity  this  alga 
shows  enhancement  of  photosynthesis 
from  the  wavelength  pairs  670  and  695 
mu.  Presumably  the  enhancement  is  due 
to  increased  effectiveness  of  one  form  of 
chlorophyll  a. 

The  enhancement  of  photosynthesis  at 
low  light  intensities  has  been  found  to  oc- 
cur when  the  695-mu  form  of  chlorophyll 
a  absorbs  light  as  in  the  case  of  an  acces- 
sory pigment  such  as  chlorophyll  b,  or  a 
phycobilin.  The  action  spectrum  at  high 
intensity  approximates  the  action  spectrum 
for  the  enhancement.  As  a  consequence 
the  high-intensity  action  spectrum  here  re- 
ported may  be  related  to  the  enhancement 
effect,  but  the  precise  way  in  which  this 
comes  about  is  far  from  clear. 
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Summary.  The  action  spectrum  of  pho- 
tosynthesis at  saturating  light  intensities 
was  investigated.  The  results  show  that  in 
saturating  light  the  rate  of  photosynthesis 
is  dependent  upon  the  wavelength  of  the 
incident  light. 

The  Emerson  enhancement  effect  may 
be  responsible  for  the  structure  of  the  high- 
intensity  action  spectrum. 

Allagochrome  :  A  New  Pigment 
from  Leaves 

Helen  M.  Habermann 

Two  properties  of  the  seedlings  of  the 
white  mutant  of  Helianthus  annuus  L. 
made  them  appear  to  be  an  unusually 
promising  source  of  the  protochlorophyll 
holochrome:  they  contain  no  detectable 
carotenoids;  and,  when  grown  in  the  dark, 
they  contain  visible  amounts  of  a  green 
pigment  which  has  been  thought  to  be 
protochlorophyll.  Seedlings  of  this  mutant 
were  grown  during  the  summer  of  1959 
and  were  extracted  by  the  methods  devised 
by  Dr.  J.  H.  C.  Smith.  The  search  for 
protochlorophyll  was  soon  abandoned, 
however,  because  the  resulting  prepara- 
tions contained  an  unknown  pigmented 
component  with  properties  unlike  those  of 
pigments  previously  isolated  from  leaves. 

Crude  extracts  contained  a  green,  water- 
soluble  pigment  which  is  easily  reduced 
with  sodium  hydrosulfite,  ascorbic  acid,  or 
hydroquinone  with  an  accompanying  color 
change  to  yellow-orange;  it  is  reoxidized 
to  the  green  form  by  addition  of  H2O2  or 
autoxidized  on  exposure  to  air;  and  in  acid 
solution  it  immediately  turns  red. 

This  pigment  has  since  been  extracted 
from  the  cotyledons  and  mature  leaves  of 
normal  sunflower  plants  grown  in  the 
greenhouse.  Preparations  from  leaves  of 
chard  and  skunk  cabbage  indicate  that  this 
pigment  is  not  peculiar  to  Helianthus  an- 
nuus. As  these  other  species  were  chosen 
at  random,  it  seems  that  this  pigment, 
which  has  been  named  allagochrome,  from 
two  Greek  words  meaning  changeable  and 
colored  substance,  could  be  widespread  in 
its  occurrence. 


Methods  of  preparation.  Ten-gram  por- 
tions of  chilled  leaves  plus  approximately 
30  cc  glycine-KOH  buffer  (pU  9.5)  were 
ground  with  a  small  amount  of  sand 
in  a  chilled  mortar;  the  brei  was  filtered 
through  a  single  layer  of  cloth  to  remove 
sand  and  larger  particles  of  debris.  The 
suspension  was  then  centrifuged  for  1  hour 
in  the  cold  at  10,000  Xg.  Acetone  was 
added  to  the  supernatant  to  a  concentra- 
tion of  45  to  50  per  cent  by  volume,  and 
this  mixture  was  centrifuged  for  10  to  15 
minutes  in  the  cold  at  10,000  X  g.  The  su- 
pernatant of  the  second  centrifugation  was 
dark  bluish-green  and  contained  a  high 
concentration  of  the  new  pigment.  Traces 
of  chlorophyll  were  removed  from  this 
solution  by  washing  with  several  portions 
of  chloroform. 

Further  steps  in  purification  were  based 
on  the  marked  resemblance  of  the  un- 
known to  hallachrome,  a  pigment  iso- 
lated from  the  marine  polychaete  Holla 
parthenopea.  The  acid  form  of  halla- 
chrome was  known  to  be  soluble  in  bu- 
tanol.  The  partially  purified  leaf  pigment 
was  therefore  acidified  with  dilute  HC1 
until  no  further  color  change  occurred  and 
a  precipitate  formed  in  the  bright  red 
solution.  The  precipitate  was  removed  by 
centrifugation,  and  the  acidified  pigment 
was  transferred  to  «-butanol.  By  using 
several  portions  of  fresh  butanol,  most  of 
the  pigment  could  be  transferred  into  the 
organic  solvent.  The  pigment  was  ex- 
tracted from  the  butanol  into  a  small  vol- 
ume of  dilute  NH4OH  or  alkaline  buffer. 
The  pigment  was  finally  precipitated  by 
adding  acetone  to  approximately  90  per 
cent  by  volume.  The  resulting  precipitate 
was  redissolved  in  water,  and  final  pre- 
cipitation and  washing  were  repeated  sev- 
eral times. 

The  final  preparation  had  the  character- 
istics of  the  partly  purified  preparations; 
i.e.,  it  was  green  when  oxidized,  yellow- 
orange  when  reduced,  and  red  in  acid 
solution.  On  purification,  however,  the 
pigment  became  less  stable  in  strongly  al- 
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kaline  solution,  rapidly  turning  brown  in 
dilute  NaOH  or  KOH. 

Absorption  spectra.  Figure  20  shows 
the  absorption  spectra  of  a  partly  purified 
preparation  of  the  pigment  in  its  oxidized 
and  reduced  forms.  Also  shown  is  a 
spectrum  of  the  oxidized  form  measured 
against  the  reduced  form  as  a  blank.  The 
oxidized  form  has  only  one  peak  in  the 
visible  part  of  the  spectrum  (at  673  mu) 
with  a  shoulder  between  620  and  630  mu. 
There  is  a  second  absorption  peak  in  the 
ultraviolet  at  260  m[j  and  a  shoulder  at 
320  mu. 
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Fig.  20.  Absorption  spectra  in  the  visible  of 
the  oxidized  and  reduced  forms  of  allagochrome. 
Broken  line  is  the  difference  spectrum  (oxidized 
minus  reduced  form)  and  shows  the  contribution 
of  the  oxidized  form  to  total  absorption. 

Nature  of  the  pigment  and  its  possible 
functions.  The  high  relative  absorbance 
of  the  pigment  in  the  ultraviolet  at  all 
stages  of  preparation  is  but  one  of  several 
indications  that  it  is  a  pigment-protein 
complex.  The  preparations  form  precipi- 
tates immediately  in  the  presence  of  dilute 
solutions  of  BaCl2,  HgCL,  and  methanol, 
in  concentrations  of  acetone  greater  than 
50  per  cent,  and  in  saturated  (NKU^SCX. 
The  protein  moiety  appears  to  be  stable  in 
dilute  alkali,  although  the  complex  be- 
comes discolored  in  the  presence  of  alkali 
on  purification. 

This  pigment  resembles  the  naturally 
occurring  quinones  hallachrome  and  pyo- 
cyanine.  Its  quinone-like  properties  are 
probably  our  best  indication  of  its  possible 
functions  within  living  plants.  Both  pyo- 


cyanine  and  hallachrome  are  known  to  be 
powerful  stimulants  of  respiration,  and 
pyocyanine  has  been  shown  to  stimulate 
rates  of  photosynthetic  phosphorylation. 
The  oxidized  form  of  this  new  pigment 
is  capable  of  oxidizing  reduced  cytochrome 
c,  and  the  possibility  that  it  is  a  naturally 
occurring  counterpart  of  pyocyanine  in 
photosynthetic  phosphorylation  is  now  un- 
der investigation. 

There  are  no  data  to  establish  the  chemi- 
cal nature  of  the  pigment  aside  from  the 
indications  that  it  is  a  protein  complex  the 
pigmented  part  of  which  has  quinone-like 
properties.  The  molecular  weight  of  the 
complex  obtained  by  diffusion  techniques 
has  been  calculated  to  be  about  50,000. 

Spectra  of  Normal  and  Mutant 
Sunflower  Leaves 

Helen  M.  Habermann 

The  usefulness  of  pigment-deficient  mu- 
tants in  botanical  research  depends  on  the 
amount  of  the  various  pigments  present 
in  (or  absent  from)  intact  leaf  tissues. 
In  previous  studies  of  the  pigments  in 
the  yellow  and  white  mutants  of  Helian- 
thus  annuus  L.  no  measurements  of  spectra 
of  intact  leaves  or  cotyledons  had  been 
made.  During  the  summer  of  1959,  meas- 
urements were  completed  of  absorption, 
fluorescence,  and  derivative  absorption 
spectra  of  intact  leaves  and  cotyledons  of 
mutant  and  normal  sunflowers. 

Seedlings  used  in  these  studies  were 
germinated  in  sand  in  the  greenhouse. 
Mature  mutant  leaves  were  obtained  from 
plants  grown  by  making  approach  grafts 
between  week-old  mutant  and  normal 
seedlings.  All  plants  were  grown  in  full 
sunlight  except  for  a  few  white  and  normal 
seedlings  grown  in  the  dark. 

Absorption  spectra  were  measured  with 
a  Beckman  DK-2  recording  spectropho- 
tometer. Spectra  of  intact  leaves  and  cotyle- 
dons were  measured  with  this  instrument 
by  the  opal-glass  method.  Fluorescence 
spectra  were  measured  with  an  exciting 
beam  of  436  mu.   Fluorescence  measure- 
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ments  make  possible  the  identification  of 
pigments  in  intact  living  material  which 
are  present  in  amounts  too  small  to  be 
detected  by  absorption  spectra.  The  deriva- 
tive spectrophotometer  was  used  in  an 
attempt  to  detect  minor  absorption  bands 
that  are  obscured  by  more  strongly  absorb- 
ing pigments. 

Acetone  extracts  of  total  pigments  were 
prepared  from  weighed  samples  of  freshly 
harvested  leaves.  Extracts  were  diluted  to 
an  appropriate  volume  for  measurement 
of  absorption,  fluorescence,  and  derivative 
spectra. 

Absorption  spectra.  Spectra  of  living 
cotyledons  of  the  yellow  mutant  had  small 
(but  detectable)  peaks  in  the  red,  and  thus 
showed  the  persistence  of  chlorophyll  in 
seedlings  grown  in  full  sunlight.  The 
cotyledons  of  white  mutant  seedlings 
grown  under  the  same  conditions  showed 
neither  a  measurable  peak  in  the  red  nor 
any  indications  of  peaks  characteristic  of 
the  chlorophylls  or  carotenoids  in  the  blue 
part  of  the  spectrum.  The  persistence  of 
chlorophyll  in  the  yellow  mutant  under 
conditions  in  which  the  white  mutant  is 
completely  bleached  suggests  that  even  a 
limited  synthesis  of  carotenoids  may  pre- 
vent the  complete  photo-oxidation  of  chlo- 
rophyll. Although  the  absorption  spectra  of 
mature  yellow  mutant  leaves  showed  no 
chlorophyll  peak  in  the  red,  the  presence 
of  chlorophyll  was  clearly  demonstrated 
by  the  spectra  of  acetone  extracts. 

Fluorescence  spectra.  Absorption  spec- 
tra of  intact  leaves  and  cotyledons  and  of 
acetone  extracts  of  the  white  mutants 
grown  in  full  sunlight  showed  no  chloro- 
phyll, yet  the  possibility  remained  that 
trace  amounts,  too  small  to  be  detected  by 
this  means,  were  still  present.  However, 
fluorescence  spectra  of  material  compara- 
ble to  that  used  for  absorption  spectra  also 
showed  no  chlorophyll  in  the  cotyledons 
or  leaves  of  the  white  mutant. 

In  both  the  cotyledons  and  the  leaves 
of  the  yellow  mutant  the  shorter-wave- 
length fluorescence  peak  occurred  at  670 
instead  of  683  m|J,  indicating  the  presence 


of  uncombined  chlorophyll  dissolved  in 
fat  rather  than  in  its  natural  state.  In 
acetone  extracts,  the  shorter-wavelength 
fluorescence  peak  of  preparations  from 
both  the  yellow  mutant  and  normal  leaves 
was  at  667  mu. 

Derivative  absorption  spectra.  The  con- 
centration of  chlorophyll  in  the  mature 
leaves  of  the  yellow  mutant  was  too  small 
to  be  detected  in  the  red  part  of  the 
spectrum  by  derivative  spectrophotometry, 
and  it  is  probably  correct  to  assume  that 
chlorophyll  would  not  contribute  signifi- 
cantly to  absorption  in  the  blue  under  these 
circumstances.  The  observed  maxima  at 
453  and  484  mp  must,  therefore,  be  char- 
acteristic of  the  carotenoid  (or  carotenoids) 
present.  Previous  measurements  of  spec- 
tra of  extracted  pigments  indicated  that 
xanthophyll  was  the  only  carotenoid  pres- 
ent. These  measurements  are  consistent 
with  the  earlier  findings  that  none  of  the 
commonly  occurring  plastid  pigments 
other  than  xanthophyll  and  traces  of 
chlorophyll  are  present  in  measurable 
amounts  in  the  yellow  mutants. 

Although  there  was  no  evidence  for 
any  of  the  plastid  pigments  normally 
present  in  leaves  or  cotyledons  of  white 
mutants  grown  in  full  sunlight,  it  was  pos- 
sible to  extract  protochlorophyll  with  ace- 
tone from  white  mutant  seedlings  grown 
in  the  dark.  Also,  the  conversion  of  proto- 
chlorophyll to  chlorophyll  in  intact  cotyle- 
dons has  been  demonstrated  by  derivative 
spectrophotometry.  A  comparison  of  the 
patterns  of  changes  of  absorption  peaks 
of  intact,  dark-grown  white  mutant  and 
normal  cotyledons  during  and  after  the 
initial  protochlorophyll-chlorophyll  conver- 
sion indicated  that  such  changes  are  very 
similar  in  the  albino  and  normal  seedlings 
and  that  the  extent  of  initial  chlorophyll 
formation  was  about  equivalent.  Differ- 
ences in  subsequent  chlorophyll  accumula- 
tion soon  become  apparent,  however.  The 
lack  of  chlorophyll  accumulation  in  the 
white  mutant  appears  to  be  a  result  of  the 
rapid  destruction  of  chlorophyll  in  the 
light. 
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The  Effects  of  Salinity,  Temperature, 

and  Light  Intensity  on  Growth  and 

Chlorophyll  Formation   of 

Nitzschia  ovalis 

Eri\  G.  ]<prgensen 

According  to  Year  Book  41,  page  119, 
light  has  an  influence  on  the  pigment  con- 
tent in  diatoms.  It  was  therefore  planned 
to  grow  a  diatom  species  on  the  crossed 
gradient  plate  described  in  Year  Book  55, 
pages  261-265,  in  an  attempt  to  find  a 
possible  correlation  between  the  content  of 
pigments  and  the  temperature  and  light 
intensity  under  which  the  cultures  were 
grown. 

Nitzschia  ovalis  was  found  to  be  the 
diatom  in  the  laboratory  collection  that 
grew  best  on  agar.  As  it  is  a  marine  dia- 
tom, the  salinity  at  which  the  best  growth 
took  place  was  first  determined,  by  two 
different  methods. 

1.  A  series  of  media  was  prepared  with 
different  salinities  by  mixing  sea  water 
collected  at  Pacific  Grove,  California,  hav- 
ing a  salinity  about  3.5  per  cent,  and  a 
fresh-water  algal  medium  (Osterlind's 
Scenedesmus  medium)  in  different  vol- 
umes. The  sea-water  and  the  fresh-water 
media  both  had  the  same  quantities  of 
nutrient  salts  containing  phosphorus,  nitro- 
gen, iron,  and  silicon  together  with  soil 
extract.  The  cultures  were  grown  in 
Erlenmeyer  flasks,  and  the  growth  was 
determined  after  10  days  by  measuring 
the  content  of  chlorophyll  in  a  methanol 
extract.  The  density  of  the  chlorophyll  ex- 
tract was  measured  with  a  Klett-Summer- 
son  colorimeter,  using  a  red  filter.  Figure 
21  shows  the  relation  between  salinity  and 
the  content  of  chlorophyll  per  flask.  The 
greatest  quantity  of  chlorophyll  was  found 
at  a  salinity  between  2.5  and  3.0  per  cent. 

2.  A  salinity  gradient  was  made  in  petri 
dishes  by  using  the  same  sea-water  and 
fresh-water  media  solidified  with  agar. 
Ten  milliliters  of  sea-water  agar  was  first 
poured  in  each  of  the  petri  dishes.  The 
dishes  were  then  placed  in  a  sloping  posi- 
tion with    the   surface   of   the  agar  just 


touching  the  bottom  on  one  side.  When 
the  agar  had  solidified,  10  ml  of  melted 
fresh-water  agar  was  poured  over  it,  and 
the  dishes  were  placed  in  a  horizontal 
position.  The  salinity  gradient  thus  pre- 
pared varied  from  0  to  3.5  per  cent.  Three 
petri  dishes  with  salinity  gradient  were 
inoculated  with  Nitzschia  ovalis,  and  after 
10  days  it  was  found  that  the  best  growth 
occurred  in  a  zone  corresponding  to  a 
salinity  of  2.6  to  3.2  per  cent. 

Sea-water  agar  prepared  as  above  with  a 
salinity  of  2.8  per  cent  was  used  for  the 
agar  plate  with  crossed  gradients  of  tem- 
perature and  light  intensity.    The  inocu- 
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Fig.  21.  Growth  of  Nitzschia  ovalis  at  dif- 
ferent salinities  as  measured  by  chlorophyll  pro- 
duction after  10  days. 

lation  was  done  in  the  usual  way.  The 
temperature  of  the  plate  varied  from  12° 
to  45 °C;  the  light  intensity,  from  0  to  750 
foot-candles.  This  diatom  grew  slowly, 
but  after  a  week  good  growth  was  found 
in  a  rather  narrow  area,  ranging  from 
20°  to  30  °C  in  temperature  and  from  250 
to  650  foot-candles  in  light  intensity.  Dur- 
ing the  next  3  days  more  growth  took 
place  at  temperatures  from  15°  to  20° C 
and  at  light  intensities  from  100  to  650 
foot-candles.  The  distribution  of  the  alga 
on  the  plate  the  eighth  and  the  eleventh 
day  is  seen  in  figure  22. 

The  derivative  absorption  spectra  of  the 
pigments  of  the  living  diatom  from  differ- 
ent positions  on  the  plate  gave  curves  with 
different  shapes  and  absorption  maxima. 
There  seems  to  be  some  correlation  be- 
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tween  the  wavelength  position  of  the  ab- 
sorption maximum  and  the  light  intensity 
under  which  the  alga  had  grown,  as 
though  the  proportions  of  several  forms  of 
chlorophyll  were  influenced  by  the  growth 
condition.  Cells  grown  at  a  light  intensity 
of  100  to  300  foot-candles  had  absorption 
maxima  for  chlorophyll  a  at  674  to  675  m|j; 
cells  grown  at  600  to  700  foot-candles  had 
maxima  at  676  to  679  mp. 

The  fluorescence  spectra  showed  only 
small  differences  from  one  another  and 
looked  like  those  of  a  typical  pale  leaf; 
the  705-m(j  fluorescence  band,  previously 
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Fig.  22.  The  growth  pattern  of  Nitzschia 
ovalis  in  crossed  gradients  of  temperature  and 
light  intensity  after  8  and  11  days. 

found  in  Nitzschia  closterium  minutissima, 
was  not  observed  in  this  experiment,  prob- 
ably because  of  the  comparatively  short 
culture  period  of  11  days. 

Effect  of  Cell  Extracts   of  Algae  on 
the   Growth   of  Bacillus  subtilis 

Eri\  G.  ]<prgensen 

Previous  studies  of  the  effects  of  sub- 
stances produced  by  algae  on  the  growth 
of  bacteria  have  been  attended  with  a 
number  of  difficulties,  including  the  low 
concentrations  of  the  active  substances, 
the  probable  multiplicity  of  substances 
present,  and  the  lack  of  a  suitable  testing 
technique.  In  the  present  studies,  cell  ex- 
tracts of  algae  were  used  rather  than  the 
filtrates  from  algal  cultures,  and  a  more 


satisfactory  testing  technique  has  been 
developed.  Three  algae  were  studied, 
Chlamydomonas  reinhardii,  Scenedesmus 
quadricauda,  and  Chlorella  vulgaris. 

The  algae  were  grown  in  Fernbach 
flasks  containing  2  liters  of  medium 
(Osterlind's  Scenedesmus  medium  was 
used  for  Scenedesmus  and  Chlorella,  and 
a  medium  described  by  Sager  and  Granick 
was  used  for  Chlamydomonas) .  Cultures 
were  illuminated  continuously  with  in- 
candescent lamps  and  were  kept  at  a  tem- 
perature of  about  20 °C.  Air  containing 
5  per  cent  C02  was  bubbled  through  the 
cultures.  At  the  end  of  the  growth  period 
the  cultures  were  centrifuged.  Cells  re- 
covered from  1  liter  of  culture  medium 
were  extracted  with  25  ml  of  ether;  the 
cells  from  the  other  liter  of  the  same  cul- 
ture were  extracted  with  25  ml  of  95  per 
cent  ethanol.  Extractions  were  done  in  the 
cold  for  a  period  of  3  days.  The  extracts 
were  concentrated  by  evaporation  of  the 
solvent  under  reduced  pressure,  and  the 
residues  were  redissolved  in  1  ml  of  the 
solvent.  The  extracts  were  tested  on  agar 
plates,  either  by  means  of  filter-paper  disks 
saturated  with  an  extract  and  dried,  or  by 
placing  paper  chromatograms  of  an  extract 
directly  on  the  plates. 

The  chromatograms  were  prepared  by 
ascending  chromatography,  using  What- 
man 3MM  paper.  Two  chromatograms 
were  made  of  each  extract,  one  on  un- 
treated paper  and  one  on  paper  impreg- 
nated with  white  mineral  oil.  The  un- 
treated papers  were  developed  with  petro- 
leum ether :  w-propanol  (100:0.5),  and  im- 
pregnated papers  were  developed  with 
methanol  saturated  with  mineral  oil,  each 
for  a  period  of  1  hour.  Each  chromatogram 
was  cut  into  four  strips,  two  of  which  were 
tested  in  the  dark  and  two  in  light  during 
the  first  24  hours.  All  strips  were  put  into 
light  for  a  subsequent  24-hour  period. 

Bacillus  subtilis  was  used  as  a  test  organ- 
ism. Tests  were  made  in  petri  dishes  10  cm 
in  diameter.  Twenty  milliliters  of  melted 
Difco's  Penassay  base  agar  was  first  poured 
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into  the  petri  dishes;  after  it  had  solidified 
it  was  covered  with  5  ml  of  Penassay  seed 
agar  inoculated  with  a  spore  suspension  of 
Bacillus  subtilis. 

Tests  of  chromatograms  on  untreated 
paper.  In  experiments  with  all  three  of 
the  algae  tested,  on  the  plates  that  were 


Fig.  23.  Paper  chromatograms  tested  on  agar 
plates  with  Bacillus  subtilis.  Each  chromatogram 
is  cut  in  three  pieces.  The  starting  line  is  in 
the  middle  part  of  the  right  piece  of  paper.  The 
front  is  at  the  upper  part  of  the  left  piece  of 
paper.  The  paper  strips  were  removed  from  the 
petri  dishes  in  the  left  row  before  photographing. 
Nos.  1-2:  Experiment  with  ether  extract  of 
Chlamydomonas  cells  on  untreated  paper.  The 
plates  were  illuminated.  Inhibition  zones  are 
seen  at  the  starting  line.  Acceleration  zones  are 
at  the  front  under  the  paper  in  1.  A  carotene 
zone  is  seen  at  the  front  on  2.  Nos.  3-6:  Ether 
extract  of  cells  from  an  18-day-old  Chlorella 
culture.  The  plates  were  illuminated.  Nos.  3-4: 
On  oil-impregnated  paper.  Nos.  5-6:  On  un- 
treated paper. 

illuminated  during  the  first  24  hours  (Hg. 
23,  nos.  1-2,  5-6)  an  inhibition  zone  was 
found  at  the  starting  line  of  the  chromato- 
gram. The  zones  were  from  10  to  17  mm 
wide  and  from  2  to  100  mm  long.   The 


very  long  zones  were  particularly  notice- 
able with  ethanol  extracts  and  probably 
are  caused  by  a  mixture  of  substances.  On 
some  of  the  plates  that  were  kept  in  dark- 
ness during  the  first  24  hours,  inhibition 
zones  developed  after  illumination  during 
the  next  24  hours.  These  zones  were  al- 
ways smaller  than  zones  developed  on 
plates  kept  in  light.  The  finding  that  in- 
hibition zones  at  the  starting  line  were 
only  present  on  illuminated  plates  suggests 
that  a  photo-oxidation  is  necessary  for 
the  formation  of  this  antibiotic  substance. 

In  experiments  with  Chlamydomonas, 
no  inhibition  zone  was  ordinarily  found 
at  the  solvent  front  on  the  chromatograms. 
With  Scenedesmus,  however,  inhibition 
zones  were  found  at  the  solvent  front  in 
an  ether  extract  of  an  old  culture  but  not 
from  young  cultures.  This  suggests  that 
the  antibiotic  substance  may  occur  only 
in  old  cultures.  In  Chlorella,  zones  were 
found  at  the  solvent  front  of  the  chromato- 
grams from  both  young  and  old  cultures 
when  the  plates  were  incubated  either 
in  light  or  in  darkness.  With  18-day-old 
cultures  an  inhibition  zone  was  found  with 
an  ether  extract,  nos.  5  and  6  of  figure  23, 
but  not  with  the  ethanol  extract. 

Inhibition  zones  were  found  at  times  on 
some  of  the  chromatograms  at  locations 
other  than  the  starting  point  or  the  solvent 
front.  Removal  of  the  paper  strips  from 
the  plates  revealed  that  sometimes  bacterial 
growth  was  found  under  the  paper  with 
no  corresponding  zones  beside  the  paper, 
showing  an  antibiotic  substance  in  small 
concentration. 

In  several  experiments  with  Chlamy- 
domonas, zones  of  bacterial  growth  stimu- 
lation were  found  at  the  solvent  front 
as  in  figure  23,  no.  1.  In  these  chromato- 
grams, a  distinct  zone  of  carotene  was  also 
found  at  the  solvent  front  (fig.  23,  no.  2) . 
That  carotene  is  not  responsible  for  the 
stimulation  of  bacterial  growth  is  shown 
by  control  experiments  with  carotene  ex- 
tracted from  carrot  roots  and  also  by 
chromatograms   prepared   on    oil-impreg- 
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nated  paper.  In  the  chromatograms  the 
carotene  zone  is  found  at  the  starting  line 
whereas  the  zone  characterized  by  large 
bacterial  colonies  indicative  of  stimulation 
is  found  at  some  distance  from  the  starting 
line. 

Tests  of  chromatograms  on  oil-impreg- 
nated paper.  Oil-impregnated  paper  was 
used  in  an  attempt  to  attain  better  separa- 
tion of  the  water-insoluble  substances  in 
the  extract.  The  separation  of  carotene 
from  the  growth-stimulating  substance  in 
Chlamydomonas  has  been  mentioned 
above.  In  some  experiments  with  Chlamy- 
domonas, where  an  inhibition  zone  was 
found  only  at  the  starting  line,  this  zone 
was  much  longer  with  the  chromatogram 
on  impregnated  paper  than  on  untreated 
paper.  In  experiments  where  distinct  inhi- 
bition zones  were  found  both  at  the  start- 
ing line  and  at  the  front,  both  these 
substances  traveled  to  the  solvent  front  on 
oil-impregnated  paper,  figure  23,  nos.  3 
and  4.  Therefore  a  single  inhibition  zone 
was  found,  but  better  separations  were  not 
attained. 

Preillumination  of  extract.  Earlier  ex- 
periments with  both  ether  and  ethanol 
extracts  of  Chlamydomonas  showed  that 
inhibition  zones  were  formed  in  light  but 
not  in  darkness  during  the  first  24  hours. 
When  the  dark  plates  were  transferred  to 
light  for  the  next  24  hours,  somewhat 
smaller  inhibition  zones  were  formed  at 
the  starting  line  on  the  chromatograms.  It 
was  therefore  decided  to  illuminate  the 
extracts  for  24  hours  before  the  test.  When 
this  was  done,  inhibition  zones  were  found 
both  in  light  and  in  darkness. 


Influence  of  pH  on  the  size  of  the  in- 
hibition zones.  Ether  extracts  of  Chlorella 
were  tested  on  agar  media  adjusted  to 
pH  6.8,  7.4,  and  8.0  by  the  addition  of 
phosphate  buffers.  These  extracts  showed 
three  inhibition  zones,  one  at  the  starting 
line,  one  at  the  solvent  front,  and  one  at 
an  intermediate  position.  The  zone  at  the 
starting  line  increased  in  length  from  23 
to  29  mm  with  increasing  pH.  The  inter- 
mediate zone  was  not  found  at  p¥L  6.8  and 
was  somewhat  broader  at  pH  8.0  than  at 
7.4.  The  zone  at  the  solvent  front  de- 
creased in  size  as  the  pH  was  raised. 

Two  inhibition  zones  were  found  in  ex- 
tracts of  Scenedesmus  cells,  one  at  the 
starting  line  and  the  other  at  the  solvent 
front.  The  zone  at  the  starting  line  did 
not  vary  with  pH,  whereas  the  zone  at 
the  solvent  front  was  smaller  the  higher 
the  pH. 

Discussion.  It  is  clear  from  these  ex- 
periments that  several  substances  affecting 
the  growth  of  Bacillus  subtilis  are  found  in 
cell  extracts  of  the  three  algae  studied; 
these  include  both  inhibitory  and  stimulat- 
ing materials.  As  many  as  six  different 
substances  may  be  present.  No  attempts 
have  yet  been  made  to  identify  these  or 
to  determine  whether  they  are  fatty  acids 
or  chlorophyllides,  which  have  been  shown 
to  be  present  by  other  workers. 

It  remains  to  be  seen  whether  these  same 
substances  are  produced  by  different  algal 
species  or  whether  the  substances  show 
species  differences.  The  few  experiments 
to  date  would  indicate  that  differences 
occur  among  the  substances  produced  by 
different  algae. 
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INTRODUCTION 


The  aim  of  this  annual  report  is  to  open 
a  window  on  the  accomplishments  and 
ideas  of  the  staff  members  and  their  co- 
workers in  the  Department  of  Embryology. 
It  presents  a  panorama,  emphasis  being 
placed  not  on  the  details  of  a  few  selected 
studies  but  on  the  relations  of  the  several 
experimental  approaches  to  one  another 
and  to  the  field  of  developmental  biology 
as  a  whole.  Such  reports  do  not  always 
make  easy  or,  perhaps  one  should  say,  satis- 
fying reading.  Although  an  attempt  is 
made  to  present,  briefly,  the  background 
and  significance  of  findings,  all  too  often 
an  understanding  of  the  work  depends  on 
acquaintance  with  published  studies,  or  at 
least  with  earlier  annual  reports.  Con- 
versely, insufficient  data  or  technical  detail 
may  be  presented  to  permit  a  critical  evalu- 
ation of  a  given  experimental  analysis. 
The  writer  has  tried  to  present  a  balanced, 
objective  account,  but  it  is  hoped,  in  fact 
expected,  that  once  the  reader  has  scanned 
the  departmental  landscape  from  a  distance 
he  will  wish  to  examine  some  of  its  activi- 
ties at  closer  range,  by  turning  to  the 
published  works  cited  in  the  Bibliography 
or  others  that  appear  regularly  in  scientific 
journals. 

Of  the  achievements  in  the  program 
going  forward  in  the  Department  during 
the  year,  none  has  been  more  exciting  than 
the  successful  visualization  of  circulation 
in  the  maternal  placenta  by  the  techniques 
of  radioangiography.  Readers  of  these  re- 
ports will  recall  that,  over  a  period  of 
several  years,  Dr.  Elizabeth  M.  Ramsey  de- 
veloped the  following  physiological  concept 
of  circulatory  mechanisms  in  the  placenta : 

Arterial  blood  enters  the  placenta  from 
the  endometrial  arteries  under  a  head  of 
pressure  sufficiently  higher  than  that  in  the 
intervillous  space  so  that  the  incoming 
stream  is  driven  high  up  toward  the 
chorion.  As  this  force  is  gradually  spent, 
lateral  dispersion  occurs,  aided  by  the  villi, 
which  promote  mixing  and  effect  a  mild 


stirring.  Eventually  the  blood  in  the  inter- 
villous space  falls  back  upon  the  orifices 
in  the  basal  plate  which  connect  with 
maternal  veins,  and  drainage  is  accom- 
plished. This  concept  was  based  on  the 
repeated  observation,  by  a  variety  of  tech- 
niques, that,  whenever  the  point  of  connec- 
tion of  a  maternal  artery  with  the  inter- 
villous space  was  encountered,  the  maternal 
blood  entered  the  placenta  in  the  form  of  a 
"spurt,"  or  fountain-like  "jet,"  which  car- 
ried the  blood  in  a  discrete  mass  far  toward 
the  chorionic  plate. 

The  physiological  studies  carried  out  to 
test  this  idea,  summarized  in  part  in  Year 
Book  58  (pp.  414-415),  confirmed  the 
pressure  gradients  assumed  in  the  physio- 
logical concept  and  established  the  exist- 
ence, character,  and  effect  of  the  myometri- 
al  contractions.  Yet  the  evidence  was 
indirect,  and  in  seeking  direct  evidence  the 
team  of  Drs.  Ramsey,  George  W.  Corner, 
Jr.,  and  Martin  W.  Donner,  and  Mr. 
Herbert  M.  Stran,  of  the  Johns  Hopkins 
School  of  Medicine  and  Hospital,  has 
turned  to  radioangiography,  employing 
both  serial  radiography  and  cineradiog- 
raphy. The  progress  of  radiopaque  dye  in- 
jected into  the  femoral  artery  of  an  anes- 
thetized pregnant  monkey  can  be  followed 
until  it  enters  the  uterine  arteries  and 
finally  the  intervillous  space  of  the  placenta. 
Characteristic  spurts,  previously  described 
in  anatomical  studies,  appear  as  the  dye  en- 
ters the  intervillous  space.  Thus  the  uni- 
formity of  the  results  obtained  by  at  least 
six  different  methods  of  study  confirms  the 
physiological  concept.  The  opportunity 
provided  by  the  radioangiographic  tech- 
niques of  watching  the  maternal  blood 
circulating  through  the  placenta  opens 
many  new  horizons. 

Perhaps  less  exciting,  but  equally  gratify- 
ing, has  been  the  completion  during  the 
year,  for  publication  in  volume  37  of  the 
Contributions  to  Embryology,  of  several 
major  works  that  have  been  in  progress 
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for  a  number  of  years,  among  them  Dr. 
Bent  G.  Boving's  "Anatomical  Analysis  of 
Rabbit  Trophoblast  Invasion"  and  two 
joint  undertakings,  "The  Early  Develop- 
ment of  the  Human  Brain,"  by  Drs.  George 
W.  Bartelmez  of  the  Department  and 
Anatole  S.  Dekaban,  of  the  National  Insti- 
tute of  Neurological  Diseases  and  Blind- 
ness, and  "On  the  Chick  Spleen:  Origin; 
Patterns  of  Normal  Development  and 
Their  Experimental  Modification,"  by  Drs. 
Louis  E.  DeLanney,  of  Wabash  College, 
and  James  D.  Ebert. 

Between  these  poles — the  announcement 
of  exciting  new  findings  verifying  an  im- 
portant hypothesis  and  the  culmination  of 
major  chapters  of  continuing  research — lie 
the  majority  of  the  Department's  programs, 
which,  like  Dr.  David  W.  Bishop's  analysis 
of  the  mechanisms  of  induced  aspermato- 
genesis in  the  guinea  pig,  Dr.  John  Papa- 
constantinou's  detailed  delineation  of  the 
chemical  properties  of  the  lens  proteins, 
and  Dr.  Yoshihiro  Kato's  meticulous  re- 
appraisal of  enzyme  induction  in  the  am- 
phibian embryo,  promise  to  be  as  striking 
and  as  significant  as  those  just  cited.  Such 
is  the  course  of  research:  the  outcome  of 
an  experiment  cannot  always  be  predicted ; 
new  data  require  the  modification  or  re- 
interpretation  of  older  views;  and  today's 
chance  observation  may  lead  to  tomorrow's 
significant  discovery. 

During  the  past  year  the  only  serious 
problem  has  been  to  find  room  for  the 
workers  who  come  from  all  parts  of  the 
world  to  avail  themselves  of  the  collections 
and  experimental  facilities.  It  is  expected 
that  this  problem  will  be  solved  by  the 
completion,  during  the  spring  of  1961,  of 
the  Department's  new  building,  now  under 
construction.  In  the  meantime  the  De- 
partment's program  of  investigations  has 
been  maintained  at  full  tide.  Two  aspects 
of  it  have  received  added  impetus  by  the 
appointment  to  the  temporary  staff  of  two 
assistant  investigators,  Drs.  Abraham  Ku- 
langara  and  Alton  M.  Mun.  Dr.  Kulangara 
came  to  the  Department  in  November  1959 
from  the  University  of  California  at  Los 


Angeles  to  collaborate  with  Dr.  Bent  G. 
Boving  in  studying  the  macromolecular 
environment  of  the  rabbit  embryo  at  im- 
plantation. Dr.  Mun  joined  the  Depart- 
ment in  September  1959,  after  three  years 
at  Washington  State  College,  to  participate . 
with  Drs.  Ebert,  DeLanney,  and  Tardent 
in  the  continuing  analysis  of  the  effects  of 
immunologically  competent  cells  on  the  de- 
velopment of  immune  mechanisms  in  the 
chick  embryo. 

All  together,  fifty-seven  investigators 
from  twelve  countries  visited  the  Depart- 
ment to  consult  with  members  of  the  staff, 
to  observe,  and,  in  fact,  often  to  take  part 
in,  experiments  in  progress,  and  to  study 
the  Collection  of  Human  Embryos.  Several 
visitors  contributed  importantly  to  the  re- 
search effort.  In  July  1959,  Professor  F. 
Orts  Llorca,  of  the  Department  of  Anat- 
omy, Ciudad  Universitaria,  Madrid,  ar- 
rived to  begin  a  brief,  yet  productive,  stay 
of  three  months,  during  which  time  he 
centered  his  attention  on  the  Collection 
of  Human  Embryos.  Among  the  several 
problems  to  which  he  devoted  his  attention 
was  a  re-examination  of  the  development 
of  the  heart  in  embryos  of  age  groups  ix 
and  x. 

Three  postdoctoral  fellows  joined  the 
Department  in  September  1959.  Dr.  Pierre 
Tardent,  of  the  Stazione  Zoologica,  Naples, 
spent  six  months  in  the  Department  as  a 
Fellow  of  the  Rockefeller  Foundation. 
The  findings  in  his  experiments  on  the  fate 
of  tritium  thymidine-labeled  spleen  cells, 
carried  out  in  collaboration  with  Drs.  Mun 
and  Ebert,  will  be  described  later  in  the 
report. 

Dr.  Yoshihiro  Kato,  a  recent  graduate  of 
Washington  University,  has  begun  the 
difficult  task  of  attempting  to  transfer 
enzyme-forming  capacity  by  ribonucleic 
acid.  In  order  to  approach  his  long-range 
objective  he  has  undertaken,  as  a  Fellow 
of  the  Carnegie  Institution  of  Washington, 
first  to  establish  the  validity  of  induced 
enzymogenesis  in  the  amphibian  embryo. 

Dr.  Ikuo  Takeuchi,  a  student  of  differ- 
entiation and  morphogenesis  in  the  cellular 
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slime  molds,  formerly  associated  with  Dr. 
John  T.  Bonner  at  Princeton  University, 
also  has  been  appointed  a  Fellow  of  the 
Carnegie  Institution  of  Washington  to 
initiate  a  study,  carried  on  in  consultation 
with  Drs.  R.  L.  DeHaan  and  Ebert,  of 
the  patterns  of  synthesis  of  specific  proteins 
and  other  antigens  in  Dictyosteiium,  as 
revealed  by  immunochemical  techniques. 

Two  fellows,  Drs.  John  McKenzie  and 
Roberto  Narbaitz,  completed  their  pro- 
grams in  the  fall  and  early  winter  of  1959, 
thus  terminating  uncommonly  productive 
stays  in  the  Department.  Dr.  McKenzie's 
findings  on  the  effects  of  the  metabolic  in- 
hibitor, antimycin  A,  on  the  early  chick 
embryo,  which  are  reviewed  briefly  below, 
will  appear  shortly  in  an  article,  co- 
authored  by  Dr.  Ebert,  in  the  Journal  of 
Embryology  and  Experimental  Morphol- 
ogy. A  second  article,  completed  recently, 
deals  with  the  origin  and  development  of 
the  sternomastoid  and  trapezius  muscles. 
The  principal  findings  are  summarized 
later  in  this  report.  Dr.  McKenzie  has 
continued  investigations  arising  out  of  his 
stay  (which  was  supported  by  a  grant  from 
the  Carnegie  Trust  for  the  Universities 
of  Scotland)  after  having  returned  to  his 
post  as  Lecturer  in  Embryology  at  the 
University  of  Aberdeen. 

Dr.  Narbaitz,  Fellow  of  the  National 
Research  Council  of  Argentina,  returned 
to  his  post  in  Embryology  at  the  University 
of  Buenos  Aires.  One  aspect  of  his  work, 
a  study  of  primordial  germ  cells  in  the 
male  human  embryo,  described  briefly  in 
these  pages,  will  appear  in  volume  37  of 
the  Contributions  to  Embryology.  In  addi- 
tion, he  collaborated  with  Dr.  D.  W. 
Bishop  in  a  study  of  induced  aspermato- 
genesis in  the  newborn  guinea  pig.  While 
at  the  Marine  Biological  Laboratory  during 


the  summer  of  1959  he  directed  his  atten- 
tion to  the  old  (and  even  yet  unsolved) 
problem  of  self-sterility  in  Ciona. 

Dr.  Patricia  P.  Scott,  Senior  Lecturer  in 
Physiology  at  the  Royal  Free  Hospital 
School  of  Medicine,  London,  arrived  late 
in  April  1960  to  spend  three  months  work- 
ing with  Dr.  Bent  G.  Boving  on  the 
question  of  the  spacing  of  blastocysts  in 
rabbits  in  second,  as  compared  with  those 
in  first,  pregnancies. 

During  the  summer  of  1960,  Dr.  John 
Papaconstantinou  will  complete  the  second 
year  of  his  appointment  as  a  Fellow  of  the 
American  Cancer  Society  and  will  assume 
a  new  position  in  the  Department  of  Micro- 
biology in  the  Johns  Hopkins  University 
School  of  Medicine.  As  recorded  in  Year 
Book  58  and  in  this  report,  he  has  made 
substantial  progress  toward  his  goal  of  de- 
fining the  lens  proteins  by  physical  and 
chemical  techniques.  A  base  has  been 
established  for  more  critical  studies  than 
have  as  yet  been  attempted  of  the  develop- 
ment of  these  proteins,  and,  in  fact,  the 
first  phases  of  that  program  have  been 
initiated. 

Members  of  the  Department  continue  to 
profit  by  their  cooperation  with  other  visi- 
tors, many  of  whom  are  associates  of  long 
standing,  like  George  W.  Corner,  Jr., 
whose  collaborative  research  with  Dr. 
Elizabeth  Ramsey  has  already  been  cited, 
Drs.  Roger  Scott  and  Lawrence  Wharton, 
Jr.,  who  have  continued  their  long-term 
study  of  endometriosis  in  the  rhesus 
monkey,  and  Drs.  Anatole  S.  Dekaban, 
Pieter  DeVries,  and  E.  Carl  Sensenig,  who 
have  returned  throughout  the  year  to  use 
the  Collection  of  Human  Embryos  in  con- 
nection with  manuscripts  being  readied 
for  volume  37  and  future  volumes  of  the 
Contributions  to  Embryology. 


THE  GAMETES 


Biology  and  Chemistry  of  Sperm 

During  the  past  year,  Dr.  David  W. 
Bishop's  efforts  were  directed  in  part 
toward   integrating   and   interpreting   his 


own  findings,  and  those  of  others,  on  the 
biology  and  chemistry  of  sperm.  In  a 
chapter  entitled  "The  Biology  of  Sperma- 
tozoa," to  be  published  in  the  third  edi- 
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tion  of  Sex  and  Internal  Secretions,  he 
attempted  to  state  and  evaluate  the  key 
problems  in  the  reproductive  physiology  of 
the  male.  Another  review,  undertaken  in 
collaboration  with  Dr.  Albert  Tyler,  is 
based  on  discussions  at  the  Conference  on 
Physiological  Mechanisms  Concerned  with 
Conception.  In  their  article,  "Immunologi- 
cal Phenomena,"  the  authors  discuss  first 
the  nature  of  the  antigen-antibody  reac- 
tion, after  which  they  treat  the  antigenicity 
of  eggs,  sperm,  and  reproductive  tissues; 
sperm  antigens  in  relation  to  genetic  segre- 
gation; active  and  passive  immunization  of 
the  male  and  of  the  female  by  reproductive 
cells  and  tissues;  the  effects  of  antisera  on 
the  gametes;  the  development  and  func- 
tional significance  of  antibodies  produced 
against  reproductive  hormones  and  steroid- 
protein  conjugates;  and  the  possible  im- 
portance of  antigen-antibody-like  systems 
that  occur  naturally  in  a  variety  of  animals. 
In  a  third  article  now  reaching  comple- 
tion, Dr.  Bishop  is  analyzing  the  current 
state  of  information  on  the  motility  of 
spermatozoa. 

What  are  the  principal  currents  of  re- 
search in  the  biology  and  chemistry  of 
sperm?  Naturally  one's  answer  to  this 
question  reflects  his  personal  background 
and  interests;  to  the  student  whose  atten- 
tion is  focused  on  basic  mechanisms  in  the 
field  of  reproductive  physiology,  the  follow- 
ing approaches  appear  to  offer  unusual 
promise. 

1.  From  the  pioneering  studies  of  Land- 
steiner  and  Levine,  and  the  recent  findings 
of  Beatty,  Braden,  and  others,  the  possi- 
bility emerges  that  not  only  may  we 
analyze  the  genetic  variability  of  the 
sperm  from  a  single  individual  but  also 
we  may  ultimately  be  able  to  intervene 
experimentally — selectively — in  the  fertili- 
zation reaction.  Phenotypic  differences  in 
size,  shape,  antigenic  constitution,  enzy- 
matic properties,  and  fertilizing  capacity 
have  been  described  in  sperm  of  both  mice 
and  rabbits. 

2.  The  factors  controlling  the  capacity 
for   motility    of   sperm  within   the   male 


genital  tract  have  been  related,  by  Salisbury 
and  others,  to  permeability  fluxes  and 
anionic  shifts  across  the  physiological 
membrane. 

3.  For  a  number  of  years,  owing  to  the 
fragmentary  evidence  on  the  metabolism 
of  sperm,  these  cells  were  regarded  as 
unique — set  apart  completely  from  the 
somatic  cells — in  their  biochemical  path- 
ways. It  is  becoming  increasingly  clear, 
however,  as  the  evidence  mounts,  that 
most,  if  not  all,  of  the  metabolic  patterns  of 
sperm  can  be  interpreted  within  the  frame- 
work of  existing  knowledge  of  intermedi- 
ary metabolism,  making  possible  a  fruitful 
comparative  biochemical  approach. 

4.  Intensive  investigations  of  the  anti- 
genicity of  sperm,  an  almost  continuous 
area  of  research  since  the  initial  discoveries 
of  Landsteiner,  Metchnikoff,  and  Metalni- 
koff"  sixty  years  ago,  continue  to  reveal  new 
antigenic  components,  some  of  which  may, 
by  inducing  sensitization  in  either  the  male 
or  the  female,  result  in  lowered  fertility. 

5.  Sperm  continue  to  mature  after  leav- 
ing the  testis;  changes  in  specific  gravity, 
hydration,  ionic  composition,  enzymatic 
properties,  and  ultrastructure  of  both  head 
and  flagellum  have  been  recorded. 

6.  Spermatozoa  prove  to  be  uniquely 
favorable  material  for  the  study  of  cell 
movements,  but,  although  Dr.  Bishop's 
effort  to  extract  highly  purified  sperm  con- 
tractile proteins  for  immunochemical  char- 
acterization is  being  continued,  insufficient 
progress  has  been  made  to  warrant  sum- 
marization. 

Immunochemical  Studies  of  Egg-Sperm 
Interaction 

During  the  summer  of  1959,  Dr.  D.  W. 
Bishop  undertook,  in  collaboration  with 
Dr.  Roberto  Narbaitz  and  Mr.  Dieter 
Gump,  to  acquire  direct  evidence  of  reac- 
tions in  vitro  between  purified  egg  and 
sperm  substances.  The  findings  in  pre- 
liminary experiments,  reported  in  Year 
Book  58  (pp.  367-368),  were  positive,  but 
the  positive  reactions,  which  were  shown 
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to  be  nonspecific,  can  be  attributed  to  im- 
purities and  to  salting-out  effects.  No  evi- 
dence of  specific  antigen-antibody-like  re- 
actions between  the  extracts  could  be  ob- 
tained using  a  battery  of  immunochemical 
techniques — Ouchterlony,  Oudin,  micro- 
precipitin,  or  latex-sedimentation  methods. 
Cutaneous  sensitivity  tests,  e.g.  passive 
cutaneous  anaphylaxis  (PCA),  have  not 
been  brought  to  bear  on  the  problem. 

Evidence  for  antigen-antibody-like  (fer- 
tilizin-antifertilizin)  mechanisms  was 
sought  in  another  reaction,  namely,  that 
effecting  self-sterility  in  Ciona  intestinalis. 
This  tunicate  generally  is  self-sterile,  re- 
quiring cross  fertilization  for  union  of  the 
gametes.  The  extensive  studies  of  Morgan, 
Reverberi,  and  others,  while  indicating  that 
the  fertilization  pattern  may  be  determined 
genetically,  have  established  that  the  block 
to  self-fertilization  can  be  reduced  or  elimi- 
nated by  modifying  the  medium  surround- 
ing the  eggs.  Self-fertilization  is  enhanced 
by  treatment  with  acid  or  alkaline  sea 
water,  trypsin,  or  ethylenediamine  tetra- 
acetate, or  by  cooling;  rupture  of  the  egg 
chorion  also  permits  self-fertilization.  Me- 
chanical removal  of  the  enveloping  follicle 
cells,  on  the  other  hand,  does  not  result  in 
an  increase  in  self-fertilization.  These  in- 
vestigations, in  which  the  efficacy  of  the 
various  experimental  procedures  has  been 
determined  by  ascertaining  the  percentage 
of  eggs  fertilized  by  autologous  or  homol- 
ogous sperm,  have  led  to  the  general  con- 
clusion that  either  the  chorion  or  the  jelly 
coat  of  the  egg  constitutes  the  normal  block 
to  self-fertilization. 

Dr.  Roberto  Narbaitz  conducted  a  series 
of  experiments  on  Ciona  in  an  attempt  to 
determine  whether  the  gametes  display  any 
behavioral  differences  under  experimental 
conditions  which  might  be  correlated  with 
the  altered  patterns  of  fertilization.  Spe- 
cifically, evidence  bearing  on  the  possibility 
of  a  fertilizin-antifertilizin  type  of  reaction 
between  the  gametes  was  sought. 

A  detailed  account  of  the  study  is  to  be 
published  in  Boletin  de  la  Sociedad  Argen- 
tina de  Biologia,  hence  Dr.  Narbaitz's  con- 


clusions will  be  summarized  briefly.  (1) 
There  is  no  specific  activation  (increase  in 
motility)  of  Ciona  sperm  in  the  vicinity 
of  the  egg,  either  of  sperm  from  the  same 
or  of  sperm  from  another  individual.  (2) 
Egg-water  extracts  and  follicle  cell  ex- 
tracts fail  to  effect  either  sperm  agglutina- 
tion or  sperm  activation,  suggesting  that 
the  usual  type  of  fertilizin-antifertilizin 
mechanism  does  not  apply.  (3)  There  is 
no  indication  in  Ciona  of  chemotaxis  of 
sperm  by  eggs  of  either  the  same  or  another 
individual.  (4)  In  mechanically  denuded 
eggs,  free  of  their  investing  follicle  cells, 
sperm  do  not  differ  in  attachment  to  the 
chorion,  regardless  of  their  source.  Heter- 
ologous sperm  (sand  dollar  and  squid)  also 
attach  to  the  denuded  egg  surfaces  of 
Ciona.  "Recognition"  of  homologous 
gametes  occurs  after  contact  rather  than 
before.  (5)  The  induction  of  self-fertiliza- 
tion in  Ciona  by  acid  treatment  and  de- 
nudation of  ova,  reported  by  previous  in- 
vestigators, is  confirmed.  (6)  The  specific 
mechanism  involved  in  self-sterility  in 
Ciona  remains  obscure,  but  the  findings 
indicate  that  neither  the  egg  jelly  coat  nor 
the  follicle  cells  constitute  a  block,  and  that 
sperm  activation,  agglutination,  or  inhibi- 
tion by  egg  exudates  is  not  responsible  for 
the  reaction.  Further  evidence  must  be 
sought  to  determine  whether  the  barrier 
to  self-fertilization  lies  in  the  chorion  or 
more  deeply  within  the  egg. 

Mechanisms  of  Implantation  of  the  Ovum 

As  reported  in  Year  Book  58  (pp.  368— 
370),  Dr.  Bent  G.  Boving's  long-term  ob- 
jective is  to  analyze  the  mechanisms  of 
implantation  of  the  rabbit  egg,  special 
attention  being  directed  to  mechanisms  of 
invasion,  including  a  comparison  of 
trophoblastic  and  cancerous  invasion. 

With  new  insight  gained  in  preparing 
his  article  entitled  "Anatomical  Analysis 
of  Rabbit  Trophoblast  Invasion"  for  pub- 
lication in  volume  37  of  Contributions  to 
Embryology,  Dr.  Boving  has  made  prog- 
ress   along   theoretical   lines   that   are   of 
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sufficiently  general  interest  to  warrant  sum- 
marization. 

His  approach  has  grown  out  of  efforts  to 
discern  the  stimuli  for  the  discrete  tropho- 
blastic invasions  that  penetrate  uterine 
epithelium.  Quantitative  methods  were 
used,  not  primarily  to  describe  the  typical 
disposition  of  structures  at  one  or  more 
stages  of  development  but  to  describe  the 
relations  between  specific  kinds  of  struc- 
tures in  one  small   region   of   individual 
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Fig.  1.  The  frequency  distribution  of  the  in- 
accuracy of  invasion  is  shown  in  5-micron  catego- 
ries for  the  three  histological  stages  of  invasion. 
Below  the  horizontal  scale  are  graphic  repre- 
sentations of  the  statistics  which  demonstrate 
that,  at  all  stages,  invasions  are  more  accurately 
"aimed"  for  vessels  than  would  be  likely  to  have 
occurred  by  chance.  The  tipped  horizontal  bars 
extend  1  standard  error  in  each  direction  from 
each  mean. 

uteri.  A  probability  calculation  was  em- 
ployed to  determine  whether  two  kinds  of 
structures  were  closer  together  than  they 
were  likely  to  have  been  if  their  occurrence 
was  due  to  chance.  It  was  found  that  in- 
vasions were  related  closely  to  blood  vessels 
at  the  base  of  uterine  epithelium  but  were 
related  randomly  to  uterine  gland  open- 
ings.   If  the  structures  used  as  bases  of 


reference  are  spaced  randomly,  one-half 
their  mean  distance  is  the  most  probable, 
or  expected  mean,  distance  from  randomly 
entering  structures.  If  the  reference  struc- 
tures are  spaced  evenly,  the  expected  mean 
distance  from  randomly  entering  structures 
is  one-fourth  of  the  reference  mean.  Al- 
though these  relations  have  long  been  used 
in  physics,  adjustment  had  to  be  made  for 
a  spacing  of  reference  items  that  was  inter- 
mediate between  random  and  even.  A 
formula  for  the  expected  mean 

(Mean \  /        (Standard  deviation) 2 \ ' 
4     A  (Mean)2  ) 

was  found  to  provide  a  simultaneous  esti- 
mate and  approximate  correction  for  the 
degree  of  regularity  of  randomness.  If  the 
observed  mean  is  significantly  less  than  the 
expected  mean,  one  may  conclude  that 
there  is  a  causative  relation.  The  reliability 
of  the  method  and  its  conclusions  was 
confirmed  by  mapping  the  same  material 
that  had  been  analyzed  statistically. 

Dr.  Boving's  observational  method  per- 
mits an  uncommon  degree  of  analysis  of 
function.  For  example,  it  was  considered 
that  the  proximity  of  invasions  to  maternal 
vessels  might  have  derived  from  any  of 
several  causes,  among  which  are:  (1)  in- 
vasions are  aimed  for  individual  vessels; 
(2)  invasions  are  favored  in  regions  with 
vessels  unusually  close  together;  or  (3)  in- 
dividual vessels  grow  into  the  areas  of  in- 
vasion. The  statistical  expression  of  the 
reliability  of  the  conclusion  is  a  further  ad- 
vantage. 

In  the  course  of  the  quantitative  anatomi- 
cal studies  of  implantation,  a  hypothesis 
was  derived  suggesting  differential  dissoci- 
ation as  a  mechanism  for  trophoblastic 
penetration  of  uterine  epithelium. 

Boving  concludes  also  that  the  well 
known  endometrial  convolution  does  not 
provide  uterine  glands  for  secreting  any- 
thing locally  necessary  for  invasion;  it  lets 
the  endometrium  unfold  rather  than 
stretch,  and  so  provides  the  rapidly  expand- 
ing blastocyst  with  a  constant  concentra- 
tion of  maternal  vessels  at  its  periphery  and 
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at  the  same  time  supplies  the  unattached 
trophoblast  knobs  with  new  and  slowly 
moving  sites  for  attachment. 

Dr.  Boving  has  continued  his  analysis 
o£  preliminary  experiments  employing  the 
carbonic  anhydrase  inhibitor  ethoxzolam- 
ide  (Cardrase).  In  Year  Book  58  (fig.  8, 
pi.  1)  a  macroscopic  view  was  shown  of  a 
uterus  8  days  after  mating  in  which  im- 
plantation had  been  partly  inhibited  by 
oral  administration  of  Cardrase  on  the 
sixth  day  after  mating.  Subsequent  micro- 
scopic studies  of  this  specimen,  following 
silver  nitrate  perfusion,  have  shown  that 
the  nearly  normal  implantation  (see  fig.  2, 
pi.  1,  at  end  of  this  report)  had  only  slightly 
less  than  the  normal  blackening  by  silver, 
whereas  the  severely  stunted  implantation, 
with  a  fragmented  blastocyst  (fig.  3,  pi.  1), 
had  almost  no  precipitation  of  silver,  sug- 
gesting severe  inhibition  of  bicarbonate 
transfer  from  blastocyst  to  uterus.  Even 
in  the  one  region  of  invasion  in  the  severely 
inhibited  blastocyst,  invasion  was  subnor- 
mal in  width  and  depth,  and  silver  pre- 
cipitation was  scanty  (fig.  4,  pi.  2).  For 
comparison,  figure  5  (pi.  2)  shows  a  nor- 
mal implantation  on  the  eighth  day  after 
mating. 

During  the  year,  Dr.  Boving  was  joined 
in  his  attack  on  mechanisms  of  implanta- 
tion by  Drs.  Patricia  Scott  and  Abraham 
Kulangara.  All  Boving's  studies  of  spacing 
of  rabbit  ova  have  been  based  on  animals 
in  first  pregnancies.  Dr.  Scott  has  set  as 
her  goal  to  describe  spacing  of  ova  in 
rabbits  in  second  pregnancies.  Does  the 
spacing  of  the  first  litter  influence  the 
spacing  of  the  succeeding  litter?  Are 
second  litters  less  influenced  if  a  week  or 
more  intervenes  after  the  first  parturition 
than  if  mating  occurs  immediately?  Al- 
though leads  have  been  developed,  suffi- 
cient information  is  not  yet  available  to 
answer  these  questions.  Further  descrip- 
tion of  Dr.  Scott's  program  is  deferred  to  a 
future  report. 

The  macromolecular  environment  of  the 
rabbit  embryo  before  and  during  implanta- 
tion.   Dr.  Kulangara  has  centered  his  at- 


tention on  the  tubal  and  uterine  fluids, 
which  form  the  media  in  which  the  rabbit 
embryo  begins  its  development.  The 
uterine  horns  do  not  contain  free  fluid  that 
can  be  aspirated,  nor  will  fluid  enter  a 
capillary  tube  inserted  into  the  horns.  The 
volume  of  fluid  is  of  the  order  of  0.1  to 
0.5  ml  per  horn;  it  exists  as  a  thin  film  ad- 
herent to  the  numerous  folds  of  the 
mucosal  surface.  Dr.  Kulangara  devised  a 
technique  for  obtaining  a  wash  of  the 
uterine  lumen  without  contamination  by 


TABLE  1.    Protein  Concentration  of  Uterine 

Wash 

Milligrams  of  Protein 

per  Milliliter  * 

Nonpregnant 

0.38 

Pregnant 

days  gestation 

2 

0.6 

3 

0.68 

4 

1.5 

5 

3.4 

6 

2.4 

7 

2.75 

8 

6.2 

*  Each  value  is  average  of  2  to  6  determina- 
tions. 

blood.  This  method  involves  the  introduc- 
tion of  a  known  amount  of  a  saline  solu- 
tion of  a  dye,  Evans  blue  (T  1824),  through 
the  oviduct,  after  which  the  absorption  of 
the  wash  at  280  and  600  mu  is  measured. 
Estimates  of  the  volume  of  uterine  fluid 
by  dye  dilution  were  found  to  be  less  reli- 
able than  expected,  but  the  values  for  the 
protein  content  of  the  wash  were  more  uni- 
form, as  is  seen  in  table  1,  which  shows  a 
gradual  rise  in  protein  content. 

Paper  electrophoresis  of  washes  from 
nonpregnant  and  5-  and  6-day-pregnant 
horns  showed  two  bands  of  protein  with 
mobilities  of  fast  y-  and  between  3-1-  and 
(3-2-globulins.  Both  bands  stained  positively 
with  the  periodic  acid-Schift"  (PAS)  re- 
action; when  the  fluids  first  were  dialyzed 
against  water  and  then  subjected  to  electro- 
phoresis, however,  the  bands  were  PAS- 
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negative,  suggesting  that  the  polysaccharide 
is  bound  loosely  to  the  protein.  Undialyzed 
fluids  did  not  show  metachromasia  with 
toluidine  blue,  nor  were  lipides  detectable 
with  Sudan  black. 

Histological  sections  of  5-  and  6-day 
uterine  horns  showed  granules  which 
stained  positively  with  PAS  adherent  to 
the  endometrium.  In  some  places  they 
rilled  the  lumen.  The  gloiolemma  around 
blastocysts  had  the  same  appearance  and 
staining  properties.  Smears  were  made  of 
washes  from  5-  to  6-day  uteri  stained  by  the 
PAS  technique.  They  were  strikingly  simi- 
lar to  the  granular  material  in  sections  of 
the  uterine  horn.  The  protein-polysaccha- 
ride  complex  appears  to  be  secreted  by  the 
uterus  during  the  fourth  to  sixth  days  of 
gestation. 

The  possibility  that  the  protein  originates 
in  the  oviduct  was  tested.  Oviducts  were 
tied  at  both  ends  in  a  5-day-pregnant  rabbit, 
the  fluid  in  them  being  collected  at  7  days. 
The  tubal  fluids  so  obtained  showed  a  pro- 
tein content  of  0.85  to  0.93  mg/ml;  since 
the  uterine  fluid  at  this  time  has  from  25  to 
30  mg/ml  of  protein,  the  large  amounts  of 
protein  found  in  the  uterine  lumen  appear 
to  be  of  uterine  origin. 

Uterine  fluids  from  5-  and  6-day-preg- 
nant  horns  were  collected,  and  the  poly- 
saccharide was  separated  from  the  protein 
by  means  of  phenol.  Acid  hydrolysis  and 
paper  chromatography  of  the  polysaccha- 
ride indicated  that  it  contained  glucose 
and  galactose.  Experiments  with  C14- 
labeled  sugars  will  be  undertaken  to  de- 
termine the  origin  of  this  polysaccharide 
and  to  explore  its  function  in  implantation. 

Dr.  Boving's  previous  studies  have 
shown  that  the  gloiolemma  is  deposited 
around  rabbit  blastocysts  while  they  are 


in  the  uterus  (between  3  and  7  days  after 
mating).  These  coverings  disintegrate 
locally  near  trophoblast  knobs  at  the 
time  of  implantation.  It  has  been  as- 
sumed that  the  gloiolemma  is  derived 
from  uterine  fluid;  the  question  arises 
whether  the  gloiolemma  and  the  underly- 
ing mucolemma  are  metabolized  by  the 
blastocyst  before  implantation.  The  ques- 
tion is  pertinent,  because  the  blastocyst  is 
suspected  of  having  considerable  anaerobic 
glycolysis  during  the  day  or  two  before  im- 
plantation; thus  the  possibility  of  carbohy- 
drate sources  comes  to  mind.  Attention  is 
attracted  to  the  coverings  of  the  blastocyst 
because  of  their  polysaccharide  content  as 
well  as  their  "digested"  appearance. 

A  preliminary  study  by  Boving  has  re- 
vealed the  presence  of  polysaccharide  not 
only  in  the  blastocyst  coverings  but  also 
in  the  uterine  lumen  of  specimens  fixed 
with  10  per  cent  formalin  in  methanol 
saturated  with  picric  acid  by  vascular  per- 
fusion at  5  and  6  days  after  mating.  To 
avoid  spilling  uterine  contents,  the  speci- 
mens were  fixed  by  vascular  perfusion  and 
cut  only  between  ligatures.  One  of  the 
5-day-old  specimens  showed  a  curious  local 
peeling  of  the  uterine  epithelium,  which 
might  have  been  considered  an  artifact, 
perhaps  from  excessive  perfusion  pressure, 
if  similar  epithelial  debris  had  not  been 
observed  during  recent  inspections  in  vivo 
for  vascular  leakage  in  which  the  injection 
of  India  ink  was  followed  by  observation 
through  a  plastic  chamber.  Since  these 
events  occur  at  the  time  when  the  protein 
content  of  uterine  fluid  rises,  the  possibility 
that  at  least  some  of  the  protein  may  come 
as  an  apocrine  secretion  must  be  con- 
sidered. 


DIFFERENTIATION  AND  MORPHOGENESIS  IN  THE  HUMAN  EMBRYO 


Development  of  the  Sternomastoid  and 
Trapezius  Muscles 

In  a  program  supported  by  a  grant  from 
the  Carnegie  Trust  for  the  Universities  of 


Scotland,  Dr.  John  McKenzie,  Lecturer  in 
Embryology  at  the  University  of  Aberdeen, 
re-examined  the  development  of  the  sterno- 
mastoid  and  trapezius  muscles  in  man. 
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This  work  was  stimulated  by  earlier  state- 
ments that  these  muscles,  which  are  in- 
nervated by  the  spinal  accessory  and  upper 
cervical  nerves,  are  entirely  of  branchial 
origin. 

A  total  of  32  embryos  from  horizons  xiv 
through  xviii  were  examined  serially  with 
special  reference  to  the  premuscle  masses  of 
the  sternomastoid-trapezius  and  associated 
groups;  only  specimens  that  had  been  cut 
transversely  were  investigated. 

The  view  that  the  sternomastoid-trape- 
zius musculature  develops  as  a  separate 
mesodermal  mass  of  branchial  origin  could 
not  be  upheld.  In  none  of  the  human 
embryos  examined  could  it  be  said  that  the 
accessory  premusculature  was  free  of  any 
connection  with  adjacent  myotomic  muscu- 
lature. There  were  variations  from  speci- 
men to  specimen  even  within  the  same 
group,  but  the  general  pattern  was  clear. 
In  the  earliest  embryos  (horizons  xiv  and 
xv,  pi.  3,  figs.  6-11)  the  upper  (cranial) 
part  of  the  sternomastoid-trapezius  mass 
displays  a  firm  link  of  condensed  meso- 
derm with  the  myotomes  posterior  to  it; 
at  or  about  the  level  of  the  entry  of  the 
accessory  nerves  into  the  muscle  this  bridge 
of  mesoderm  is  found  alongside  the  emerg- 
ing cervical  nerves.  In  slightly  older  age 
groups  (pi.  4,  figs.  12-17)  the  trapezial  part 
of  the  muscle  mass  appears  as  a  dorsolateral 
projection  closely  apposed  to  a  diffuse  fan- 
like projection  from  the  mesodermal  bridge 
joining  the  myotomes  and  the  sterno- 
mastoid. The  picture  finally  takes  shape  in 
embryos  from  horizons  xvii  and  xviii  (pi. 
5,  figs.  18-24);  the  cranial  portion  of  the 
mesodermal  bridge  between  the  sterno- 
mastoid  and  myotomes  is  revealed  as  part 
of  the  skull,  being  separated  by  a  clear  in- 
terval from  its  caudal  portion  lying  along- 
side the  cervical  nerves.  Thus  the  link  be- 
tween myotomes  and  sternomastoid  disap- 
pears. Meanwhile,  the  development  of  the 
trapezial  division  of  the  muscle  is  related 
intimately  to  that  of  the  dorsally  placed 
myotome  musculature;  the  advancing  dor- 
sal edge  of  the  trapezius  appears  to  separate 


or  delaminate  closely  from  the  underlying 
rhomboidei. 

From  these  observations  Dr.  McKenzie 
argues  that  the  sternomastoid  cannot  be  re- 
garded as  having  no  myotomic  elements 
in  its  adult  form;  moreover,  the  trapezius 
muscle  develops  by  increments  from  the 
underlying  dorsal  musculature  of  myo- 
tomic origin.  Comparative  anatomy  and 
embryology  lend  support  to  this  view; 
whereas  in  man  a  substantial  part  of  the 
sternomastoid  lies  deep  to  the  accessory 
nerve,  the  macaque  has  a  sternomastoid 
passing  entirely  superficial  to  that  nerve, 
and  in  the  corresponding  stages  of  devel- 
opment of  the  macaque  muscle  there  is  no 
evidence  of  any  link  between  it  and  the 
underlying  musculature  that  gives  rise 
eventually  to  the  omocervicalis  muscle,  a 
significant  omission  in  man. 

Of  particular  interest  in  relation  to  the 
development  of  the  trapezius  as  illustrated 
in  this  investigation  is  the  work  of  Straus 
and  Rawles,  whose  experiments  on  the 
origin  of  trunk  musculature  in  the  chick  re- 
veal a  substantial  contribution  from  the 
lateral  plate  mesoderm  to  the  muscles  of 
the  thoracic  and  abdominal  wall.  The 
picture  of  the  trapezius  pushing  its  way 
into  the  lateral  region  of  the  neck  and  re- 
solving itself  into  a  separate  lamina  in  close 
association  with  the  underlying  muscula- 
ture suggests  that  the  trapezius  and  the 
rhomboidei  (which  phylogenetically  be- 
long to  the  same  group  as  the  omocervi- 
calis) are  at  least  partly  derived  from  the 
mesoderm  of  the  neck,  the  cranial  homo- 
logue  of  the  lateral  plate  mesoderm  of 
the  trunk. 

In  regard  to  the  original  problem  of  the 
dual  nerve  supply  of  the  accessory  muscula- 
ture, and  more  particularly  to  the  question 
whether  that  musculature  has  a  motor  sup- 
ply from  the  cervical  nerves,  it  would  be 
surprising,  in  view  of  these  observations,  if 
the  human  sternomastoid  and  trapezius 
muscles  did  not  receive  a  motor  innervation 
from  the  upper  cervical  nerves. 
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The  Primordial  Germ  Ceils  in  the  Male 
Human  Embryo 

In  the  introduction  to  his  article  sub- 
mitted for  publication  in  volme  37  of  the 
Contributions  to  Embryology,  Dr.  Roberto 
Narbaitz  has  pointed  out  that  no  single 
question  has  had  a  greater  impact  on  the 
evolution  of  theories  of  differentiation  than 
that  of  the  continuity  of  the  germ  line. 
The  origin  and  fate  of  the  primordial  germ 
cells  have  captured  the  imagination  and 
interest  of  embryologists.  Earlier  volumes 
of  the  Contributions  to  Embryology  con- 
tain two  important  studies  of  the  origin 
and  subsequent  history  of  the  germ  cells 
in  man. 

In  a  study  based  on  the  examination  of 
twenty-three  serially  sectioned  human  em- 
bryos of  the  Carnegie  Collection,  Witschi 
{Contributions  to  Embryology,  vol.  32) 
concluded  that  the  germ  cells  migrate  from 
the  endoderm  of  the  yolk  sac  to  the  gonadal 
ridges.  Embryos  ranging  from  13-somite  to 
8-mm  stages  were  studied;  in  the  youngest, 
all  the  germ  cells  are  found  in  the  endo- 
derm of  the  yolk  sac  near  the  allantoic 
evagination;  in  later  embryos,  up  to  20 
somites,  they  are  found  largely  in  the  hind 
gut,  a  variable  number  remaining  tem- 
porarily in  the  endodermal  epithelium. 
Finally,  in  embryos  of  more  than  25 
somites,  germ  cells  are  found  progressively 
in  positions  that  enabled  Witschi  to  chart 
their  course  through  the  mesentery  toward 
the  mesonephric  folds. 

McKay,  Hertig,  Adams,  and  Danziger 
confirmed  Witschi's  conclusions  using 
histochemical  techniques,  and,  later,  Man- 
cini,  Narbaitz,  and  Lavieri  followed  the 
germ  cells  in  the  testis  of  the  late  fetus  and 
in  children  of  all  ages  from  birth  to 
puberty,  finding  that  they  are  always 
present. 

If  the  investigator  were  to  examine  only 
these  works,  he  might  conclude  that  the 


continuity  of  the  germ  line,  demonstrated 
experimentally  in  many  animals,  holds  also 
for  the  human.  Yet  one  important  discrep- 
ancy must  be  noted:  Gillman  {Contribu- 
tions to  Embryology,  vol.  32)  failed  to 
observe  these  cells  in  male  human  embryos 
of  the  second  and  third  month.  Gillman, 
whose  studies  also  were  based  on  a  study 
of  embryos  in  the  Carnegie  Collection,  con- 
cluded that,  whereas  in  female  embryos  the 
germ  cells  can  be  seen  at  all  stages,  in  male 
embryos  these  cells  lose  their  identity  after 
the  15-mm  stage.  They  can  again  be  dis- 
tinguished, however,  much  later  in  em- 
bryonic life,  in  embryos  of  132-mm  crown- 
rump  length. 

The  need  for  re-examining  the  question 
of  the  continuity  of  the  germ  cell  line  in 
the  male  human  embryo  is  apparent,  for, 
if  Gillman's  findings  are  found  to  be  cor- 
rect, a  re-evaluation  of  the  basic  concept 
would  be  required.  This  important  ques- 
tion has  been  reopened  by  Dr.  Narbaitz 
using  embryos  ranging  from  15  to  115  mm 
in  crown-rump  length  from  the  Carnegie 
and  the  University  of  Michigan  collections. 
His  systematic  study  of  seventy  sexually 
undifferentiated  and  male  embryos  reveals 
that  the  primordial  germ  cells  are  present 
at  all  stages  examined  from  15  to  115  mm. 
These  cells  are  seen  clearly  in  embryos  that 
are  adequately  preserved  and  sectioned,  but 
they  appear  to  be  absent  or  are  seen  only 
with  difficulty  in  embryos  preserved  or  sec- 
tioned inadequately.  His  observations  favor 
the  view  of  the  continuity  of  germ  cell  line. 
The  fact  that  Gillman  did  not  observe  these 
cells  must  be  explained  not  by  changes  in 
their  size  or  appearance,  as  he  supposed, 
but  simply  by  the  fact  that  the  embryos 
older  than  15  mm  available  for  study  at 
that  time  were  prepared  inadequately.  The 
best  embryos  now  in  the  Carnegie  Collec- 
tion were  incorporated  after  his  study  was 
completed. 


DEPARTMENT  OF  EMBRYOLOGY   365 


THE  NEURAL  CREST  AND  ITS  DERIVATIVES 


A  Comparative  Study  of  the  Development 
of  the  Optic  Primordium 

Dr.  George  W.  Bartelmez  has  extended 
his  search  for  evidence  of  the  proliferation 
of  neural  crest  from  the  forebrain  to  the 
pig  and  the  insectivore.  It  will  be  recalled 
that  he  has  advanced  evidence  for  pro- 
liferation from  the  primary  optic  vesicle  in 
man  {Contributions  to  Embryology,  vol. 
35)  and  from  forebrain  levels  in  the  rat 
{Contributions  to  Embryology,  vol.  37), 
summarized  in  Year  Book  58  (pp.  372- 
373).  In  an  article  submitted  for  publica- 
tion in  the  Hoerr  Memorial  Volume  of  the 
Anatomical  Record,  Dr.  Bartelmez  has  re- 
ported his  observations  that  the  forebrains 
of  the  pig  and  the  insectivore  Hemicentetes 
resemble  those  of  the  rat  and  guinea  pig 
in  developing  a  "lateral  lip,"  from  the  ven- 
tral lamina  of  which  neural-crest  cells 
arise.  Pig  embryos  collected  originally  by 
Streeter  and  Heuser  were  prepared  for 
study  by  Mr.  William  Duncan.  In  seven- 
teen of  them  clear  evidence  of  migration 
from  the  optic  vesicle  was  found.  The 
Bluntschli  Collection  also  afforded  an  ex- 
cellent store  of  material,  perhaps  the  most 
valuable  being  intact  specimens  of  Ericulus 
which  were  sectioned  especially  for  this 
study.  Four  embryos  ranging  from  14  to  28 
somites  are  available;  they  present  as  clear 
evidence  of  migration  as  any  advanced  in 
Dr.  Bartelmez's  earlier  study  of  the  human 
embryo. 

How  are  emigration  and  immigration 
distinguished?  Dr.  Bartelmez  has  estab- 
lished a  number  of  criteria  of  emigration, 
among  which  are:  (1)  The  dissociation  of 
the  lateral  extremity  of  the  neural  fold  or 
of  thickened  epiblast  adjoining  it  has  long 
been  accepted  as  evidence  of  emigration. 
In   Amphibia   it   has   been   demonstrated 


experimentally.  (2)  There  are  dividing 
cells  in  the  developing  neural  crest  in 
which  the  cytoplasm  accumulates  at  the 
outer  (mesenchymal)  surface  of  the  neural 
tube  rather  than  at  the  ependymal  surface. 
Dr.  Bartelmez  believes  that  unquestionably 
the  cells  that  are  freed  as  a  result  of  the 
division  are  derived  from  the  neural  epi- 
thelium. (3)  In  the  optic  vesicle  there  are 
groups  of  cells  which  have  their  nuclei  in 
the  marginal  velum;  they  form  ridges  or 
elevations  on  the  surface.  Often  stages  can 
be  seen  in  the  separation  of  the  outermost 
cells.  Similarly  there  are  stages  in  the 
superficial  migration  of  individual  cells. 
All  the  migrating  cells  have  the  character- 
istic nuclei  of  the  neural  epithelium,  as 
have  many  free  cells  near  the  neural  tube; 
these  are  differentiated  from  the  typical 
mesenchyme  cells  by  the  broad  zone  of 
basophilic  cytoplasm  around  the  nucleus. 
After  a  few  divisions,  neural-crest  cells  can- 
not be  distinguished  from  other  mesen- 
chyme cells  in  mammals,  and  so  their  sub- 
sequent history  can  be  determined  only 
by  experimental  procedures.  Attention  is 
called  to  the  pluripotentiality  of  the  optic 
vesicle.  Dr.  Bartelmez  suggests  that  the 
neural-crest  cells  in  the  sheath  may  produce 
the  pigment  cells  of  the  uvea. 

Melano  gene  sis 

Dr.  Mary  E.  Rawles,  whose  article  "An 
Experimental  Study  on  the  Development 
of  Regional  Variation  in  the  Plumage  Pat- 
tern of  the  Silver  Campine  Fowl"  appeared 
in  the  Journal  of  Morphology  during  the 
year,  has  initiated  a  detailed  study  of  the 
formation  of  the  striped  (gray  and  white) 
pattern  of  pigmentation  displayed  in  the 
down  plumage  of  the  newly  hatched 
Silver  Campine  chick. 


DEVELOPMENT  OF  THE  HEART 

The  past  year  has  seen  a  continuation  of  voted  his  attention  to  two  major  areas: 
Dr.  Robert  L.  DeHaan's  study  of  cardio-  morphogenetic  movements  of  the  endo- 
genesis  in  the  chick  embryo.   He  has  de-      derm  and  mesoderm  during  fusion  of  the 
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cardiac  primordia,  and  differentiation  of 
the  pacemakers  and  conductive  system  of 
the  heart. 

Morpho genetic  Movements  during  Fusion 
of  the  Cardiac  Primordia 

It  will  be  recalled  that  the  mesoderm  of 
the  prospective  heart  is  present  initially  in 
the  embryo  at  the  head  process  stage  in  the 
bilateral  heart-forming  areas,  which  lie  on 
either  side  of  the  primitive  streak.  The 
rolling  tubulation  movements  of  the  ecto- 
derm and  endoderm  to  form  the  lateral 
body  walls  and  foregut  provide  the  oppor- 
tunity for  these  cardiac  primordia  to  meet 
and  fuse  in  the  ventral  mid-line,  forming 
the  primitive  tubular  heart  of  the  early 
embryo.  Experimental  interruption  of  fore- 
gut  formation,  preventing  this  fusion,  has 
been  accomplished  by  chemical  or  surgical 
treatment  of  embryos,  allowing  each  pri- 
mordium  to  form  an  individual  heart. 
These  experiments  have  been  described  in 
previous  annual  reports  and  in  other  pub- 
lications. 

From  Dr.  DeHaan's  analysis  of  the 
movements  of  the  endoderm  and  meso- 
derm during  this  critical  period,  several 
basic  questions  have  emerged:  To  what 
extent  is  the  cardiac  mesoderm  carried 
into  position  by  the  endoderm?  Does  a 
given  mesoderm  cell  maintain  a  constant 
relation  to  subjacent  endoderm  cells?  Or, 
conversely,  do  mesodermal  movements  re- 
sult from  the  actual  migration  of  mesoderm 
cells  using  the  endoderm  as  a  substratum  ? 
Is  it  possible  to  trace  the  movements  of 
individual  cells  or  cell  groups  moving  into 
the  heart,  thus  elucidating  their  sites  of 
origin  and  routes  to  their  definitive  posi- 
tions ?  It  would  be  of  interest  to  know  the 
spatial  relations  not  only  between  cells  of 
the  mesoderm  and  endoderm  but  also  be- 
tween adjacent  mesoderm  cells;  that  is,  is  a 
spatial  pattern  of  mesoderm  achieved  early 
in  development  and  maintained  more  or 
less  constant  as  the  primitive  heart  tubes 
form,  or,  on  the  contrary,  do  mesoderm 
cells  continuously  move  about  among  their 


neighbors  until  they  are  finally  fixed  in  the 
forming  heart  tube? 

The  need  for  techniques  permitting  defi- 
nition of  the  movements  of  the  mesoderm 
relative  to  the  underlying  endoderm  was 
stated  in  Year  Book  56  (p.  310).  At  that 
time  it  was  believed  that  this  goal  might 
be  accomplished  by  carbon  marking  ex- 
periments. As  the  movements  of  carbon 
particles  are  notoriously  difficult  to  inter- 
pret, it  was  proposed  that  "crucial  move- 
ments will  be  followed  by  means  of  time- 
lapse  photography,  techniques  and  ap- 
paratus for  which  have  been  developed 
over  the  past  year  .  .  .  ."  Now,  some  three 
years  and,  as  Dr.  DeHaan  puts  it,  "about 
200,000  time-lapse  photographs"  later,  he  is 
able  to  report  an  encouraging  degree  of 
success  in  following  the  development  of 
embryos  for  periods  of  twelve  hours  or 
more  by  continuous  time-lapse  photog- 
raphy. He  has  been  able  to  design  and 
build  equipment,  and  to  perfect  techniques, 
permitting  photography  of  embryos  culti- 
vated for  long  periods  in  vitro.  A  detailed 
technical  description  cannot  be  presented 
here.  Suffice  it  to  say  that  chick  embryos 
are  grown  under  the  microscope,  with 
the  aid  of  a  thermostatically  controlled 
warm  stage,  one-sixteenth  of  an  inch  thick. 
An  embryo  is  cultivated  with  its  endoderm 
surface  up,  on  its  vitelline  membrane,  sup- 
ported on  a  thin  layer  of  albumen  solidified 
with  agar,  in  an  atmosphere  of  95  per  cent 
oxygen  and  5  per  cent  carbon  dioxide. 
Evaporation  is  prevented,  optical  clarity 
being  maintained,  by  submerging  the  em- 
bryo in  a  shallow  pool  of  light  mineral  oil. 
Under  these  conditions,  development  pro- 
gresses normally  at  least  through  the 
second  day,  at  which  time  the  heart  is 
beating  and  the  early  circulation  is  estab- 
lished. 

Eight  films  have  been  obtained  of  suffi- 
cient quality  to  warrant  extensive  analysis. 
Each  one  records  development  of  an  em- 
bryo from  the  early  head  process  stage 
(Hamburger  and  Hamilton  stage  5") 
through  formation   of  the   early   tubular 
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heart  (stages  9-10) .  In  four  of  these  films, 
the  endoderm  surface  was  marked  with 
opaque  particles  of  iron  oxide.  It  is  too 
early  to  discuss  in  detail  results  of  these 
incomplete  analyses.  Although  certain 
points  are  becoming  clear,  the  following  ac- 
count must  be  regarded  as  preliminary. 

Dr.  DeHaan  has  been  able  to  observe  and 
follow  discrete  clusters  of  mesodermal  cells 
from  the  paired  heart-forming  regions  at 
stage  5  until  they  are  lost  in  the  opacity  of 
the  forming  heart  tube  at  stage  9.  These 
clusters  appear  to  retain  their  integrity 
throughout  this  period,  to  a  large  extent, 
although  they  sometimes  break  up  into 
two  daughter  clusters.  It  has  frequently 
been  possible  to  continue  tracking  both  the 
daughter  masses.  The  amount  of  spatial  re- 
arrangement of  the  cells  in  these  clusters 
among  themselves  during  development 
would  indicate  that  their  pattern  is  not 
fixed  until  relatively  late  in  the  process  of 
fusion  of  the  cardiac  primordia.  It  would 
suggest  also  that  these  clusters  exhibit  ac- 
tive migratory  behavior.  Their  migration 
becomes  evident  especially  when  one 
daughter  cluster  of  a  recently  divided  pair 
is  observed  to  continue  its  migration  into 
the  heart  while  its  sister  clump  of  cells 
changes  its  direction,  to  assume  a  position 
at  some  point  distant  from  the  heart, 
forming  head  mesenchyme  or  extraembry- 
onic vascular  tissue. 

It  is  clear,  however,  that  these  presumably 
pseudopodial  movements  of  the  mesoderm 
are  superimposed  upon  the  movements  of 
the  folding  endoderm.  The  resulting  com- 
plex of  motion  is,  in  a  sense,  analogous  to 
that  of  a  man  walking  about  inside  a  mov- 
ing train.  His  own  locomotory  behavior 
is  superimposed  upon  the  steady  motion  of 
the  train,  and  any  analysis  of  his  move- 
ments relative  to  some  outside  point  must 
take  into  account  both  sources  of  transloca- 
tion. 

Several  points  related  to  the  problem  of 
heart  formation  but  more  directly  con- 
cerned with  endodermal  folding  have  also 
come  to  light.  The  notochord  pushes  out 
in  front  of  Hensen's  node,  not  as  a  rod 


of  cells  (as  in  the  usual  description),  but 
as  a  fan  of  radiating  strands  of  mesoderm 
(fig.  25,  pi.  6).  Only  secondarily  do  these 
cells  coalesce  at  the  base  of  the  fan  to  form 
a  compact  rod.  It  is  the  endoderm  directly 
under  this  fan  tip  of  the  notochord  in 
which  the  first  fold  of  the  lip  of  the  anterior 
intestinal  portal  (AIP)  is  formed  at  stage  6 
to  7.  The  relations  of  mesoderm  and  endo- 
derm here  are  unknown,  but  the  possibility 
of  an  inductive  or  even  of  a  mechanical 
influence  of  this  mesoderm  on  the  subjacent 
endoderm  should  not  be  overlooked. 

Once  the  fold  of  the  AIP  has  formed, 
initiating  the  formation  of  the  floor  of 
the  shallow  foregut,  the  foregut  lengthens 
by  a  combined  process  of  regression  (i.e., 
growth  posteriad)  of  the  AIP  and  forward 
growth  of  the  head.  This  backward  move- 
ment of  the  posterior  border  of  the  foregut 
has  been  interpreted  as  representing  a  roll- 
ing of  endoderm  over  the  AIP,  so  that  cells 
initially  in  the  yolk  sac  endoderm  would 
roll  over  the  AIP  to  be  incorporated  in  the 
floor  of  the  foregut.  Evidence  to  the  con- 
trary has  been  obtained  by  observing  that 
marks  placed  on  the  edge  of  the  AIP  at 
stage  7  remain  there  through  stage  9.  They 
do  not  roll  in  to  be  incorporated  in  the 
foregut.  This  finding  confirms  the  obser- 
vations of  Bellairs,  who  has  studied  this 
problem  with  the  aid  of  frequent  camera 
lucida  drawings  of  carbon-marked  em- 
bryos. In  contrast  to  her  findings,  however, 
Dr.  DeHaan  has  not  observed  that  cells 
marked  with  carbon  particles  tend  to 
move  from  lateral  positions  on  the  AIP 
toward  the  mid-line.  Further  experiments 
specifically  designed  to  resolve  this  dis- 
crepancy are  planned. 

In  order  to  be  able  to  compare  move- 
ments of  marked  cells  or  cell  clusters  in 
different  embryos,  it  is  necessary  to  use 
landmarks  on  the  embryos  as  points  of 
reference.  To  analyze  the  variability  of 
the  generalized  growth  pattern  of  the  em- 
bryos in  vitro,  a  statistical  analysis  was 
made  of  the  movements  of  three  arbitrarily 
chosen  landmarks:  the  AIP,  the  first  pair 
of  somites,  and  Hensen's  node — the  an- 
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terior  end  of  the  primitive  streak.  These 
measurements  were  initiated  to  provide  a 
base  line  for  subsequent  analysis  of  cell 
movements.  Much  of  the  same  informa- 
tion is  contained  in  Spratt's  study  of  the 
regression  of  the  primitive  streak.  Al- 
though measurements  were  made  on  a 
greater  number  of  embryos  in  that  study 
than  in  Dr.  DeHaan's,  data  have  not  been 
presented  previously  indicating  variability, 
nor  has  regression  of  the  streak  been  related 


ence  points.  The  data  are  listed  in  table  2. 
The  measurements  and  standard  devia- 
tions are  given  in  terms  of  graph  units, 
where  one  graph  unit  equals  0.2  mm  of 
actual  size.  Since  the  posterior  end  of  the 
primitive  streak  was  not  recorded  on  most 
of  the  films,  the  position  of  Hensen's  node 
at  stage  6  was  fixed  arbitrarily  at  10  units, 
a  figure  based  on  measurements  of  many 
embryos  at  stages  5  to  6,  as  well  as  on  the 
observations  of  Spratt,  indicating  that  the 
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Fig.  26.    Movements  of  the  anterior  intestinal  portal   (circles),  the  first  somite  pair   (triangles), 
and  Hensen's  node  (squares)  during  development  of  the  early  chick  blastoderm. 


to  precisely  timed  stages  of  development. 
It  may  be  of  value,  therefore,  to  present 
here  findings  derived  from  measurements 
on  nineteen  embryos.  Eight  of  them  are 
the  ones  of  which  successful  films  were 
taken.  The  other  eleven  were  companion 
embryos,  growing  at  the  same  time  as  those 
being  filmed;  they  were  drawn  with  the 
aid  of  a  camera  lucida  every  2  hours  during 
development.  All  drawings  and  photo- 
graphs were  made  at  the  same  magni- 
fication, and  marks  were  placed  outside  the 
embryo  proper  to  establish  constant  refer- 


primitive  streak  at  this  time  averages  about 
2  mm  in  length.  The  time  elapsing  be- 
tween each  stage  and  the  next  also  was 
recorded,  with  its  standard  deviation.  The 
data  are  charted  in  figure  26.  The  ordinate 
is  shown  with  both  graph  units  and  actual 
size  in  millimeters;  the  abscissa  is  measured 
in  hours  and  developmental  stages.  Repre- 
sentative embryos  are  drawn  at  stages  5,  7, 
and  9. 

It  seems  reasonable  to  assume  that  ob- 
servations of  cell  movements  during  early 
development,  using  time-lapse  photography 
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in  conjunction  with  other  experimental 
techniques,  will  provide  more  accurate  and 
objective  information  on  the  details  of 
morphogenetic  processes  than  has  been 
available  heretofore.  It  is  believed  also  that 
through  this  kind  of  study  it  may  be  pos- 
sible to  gain  sufficient  insight  into  the 
nature  of  the  movements  to  begin  asking 
intelligent    questions    about   mechanisms. 

Differentiation  of  Pacemakers  and  Con- 
ductive Sy  stem- 
In  Year  Book  58  (pp.  376-378)  and  in  a 
publication  entitled  "Cardia  Bifida  and  the 
Development  of  Pacemaker  Function  in 
the  Early  Chick  Heart"  evidence  was  pre- 
sented indicating  that,  from  the  time  of 
initiation  of  the  heart  beat  at  10  to  11 
somites  to  the  stage  of  18  to  19  somites,  the 
heart  beat  is  stimulated  by  cells  derived 
from  the  left  primordium.  It  was  shown 
further  that,  with  the  formation  of  the 
sinus  venosus  in  the  embryo  having  19  to 
20  pairs  of  somites,  the  site  of  pacemaker 
activity  shifts  to  its  definitive  position  on 
the  right  side. 

These  experiments  raised  many  new 
questions  about  the  differentiation  of  pro- 
spective atrioventricular  and  sinoventricular 
node  cells  in  the  paired  cardiac  primordia. 
Some  of  these  questions  were  outlined  in 
last  year's  report.  To  design  experimental 
attacks  on  these  problems,  it  is  necessary 
to  find  or  devise  specific  histological  or  bio- 
chemical criteria  by  which  such  nodal  cells 
can  be  distinguished  from  myocardial  cells 
both  during  development  and  in  the  ma- 
ture heart.  For  example,  to  answer  the 
question  whether  prospective  nodal  cells 
exist  in  both  lateral  primordia,  it  is  only 
necessary  to  produce  cardia  bifida  by  tech- 
niques already  described,  allow  these  em- 
bryos to  develop  to  stages  when  the  con- 
ductive system  should  have  differentiated, 
and  then  examine  each  heart  for  the  pres- 
ence of  nodes  and  Purkinje  fibers. 

A  search  of  the  literature  for  unequivocal 
criteria  for  distinguishing  conductive  tissue 
has  revealed  that  we  know  little  of  its  bio- 


and  histochemistry,  especially  in  birds.  We 
do  know  that  the  degree  of  histodifferentia- 
tion  of  nodal  and  Purkinje  fibers  shows 
marked  species  variation.  In  adult  ungu- 
lates, for  example,  the  conductive  tissue  is 
easily  identifiable  by  its  unique  cytology 
even  without  special  staining  procedures. 
In  rodents,  primates,  and,  apparently,  birds, 
it  is  recognizable  only  with  difficulty.  In 
the  rat,  in  fact,  the  conductive  system  is  so 
difficult  to  identify  that  some  investigators 
(e.g.,  Glomset  and  Cross)  have  questioned 
its  existence.  For  these  reasons  Dr. 
DeHaan,  with  the  able  assistance  of  Miss 
Sally  L.  Corlette,  has  begun  a  study  of 
the  histogenesis  and  morphogenesis  of  the 
avian  conductive  system. 

One  interesting  consideration  relevant  to 
the  search  for  identifying  characteristics  of 
the  nodal  system  is  the  controversy  about 
its  mode  of  differentiation,  specifically 
whether  the  nodal  and  Purkinje  fibers 
represent  developmental  specialization  of 
myocardial  cells  fostering  the  acquisition  of 
"new"  conductive  properties  or,  in  contrast, 
whether  these  special  characteristics  repre- 
sent "residual"  embryonic  properties.  Re- 
cent studies  of  the  ultrastructure  of  con- 
ductive tissue  by  means  of  the  electron 
microscope,  and  of  its  biochemistry,  have 
thrown  some  light  on  this  question.  Adult 
myocardium  appears,  in  electron  micro- 
graphs, to  consist  of  slender,  branched 
cylindrical  cells,  densely  packed  with 
highly  oriented,  heavily  staining  myofibrils 
and  with  many  mitochondria.  In  contrast, 
conductive  cells  are  large  and  pale,  with 
rather  sparse,  frequently  unoriented  myo- 
fibrils. These  fibrils  are  distributed  for 
the  most  part  around  the  periphery  of  the 
cell,  leaving  a  central  clear  area,  poor  in 
mitochondria  but  containing  a  high  con- 
centration of  granules  of  glycogen.  In  both 
tissues  well  defined  cell  boundaries  are  ap- 
parent. Where  the  myofibrils  appear  to 
traverse  the  plasma  membranes  of  myo- 
cardial cells,  however,  a  highly  organized, 
complex  intercalated  disc  occurs.  Conduc- 
tive cells  also  are  separated  by  intercalated 
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discs,  but  these   are  of  a  much   simpler 
nature. 

To  a  large  extent  the  differences  in  cytol- 
ogy between  conductive  cells  and  myo- 
cardial cells  are  the  same  as  those  distin- 
guishing embryonic  from  adult  heart. 
Muir,  who  was  perhaps  the  first  to  train  an 
electron  microscope  on  conductive  and 
embryonic  cells,  concluded  (mainly  on  the 
basis  of  cell  shape)  that  these  similarities 
are  not  sufficient  to  warrant  the  hypothesis 
that  conductive  tissue  is  "residual"  embry- 


and  much  more  recently  Chiquoine  re- 
ported a  similar  concentration  of  glycogen 
in  hearts  and  even  in  heart  primordia  of 
mouse  embryos.  To  confirm  these  reports, 
and  to  see  whether  glycogen  content  might 
be  used  to  identify  the  developing  con- 
ductive system,  whole  chick  embryos  were 
stained  in  this  laboratory  by  the  periodic 
acid-Schiff  (PAS)  technique,  after  fixation 
in  Gendre's  fluid  and  treatment  with 
"Dimedone,"  which  substance  is  reported 
by  Bulmer  to  block   the  staining  of  all 


TABLE  3.    Properties  of  Adult  Heart,  Conductive  System,  and  Embryonic  Heart 

Adult       Conductive     Embryo 
Heart  System  Heart 


Well  formed  parallel  striations 

Large  pale  cells 

Spindle-shaped  to  cylindrical 

Intercalated  discs  complex  and  highly  organized 

Scalloped  plasma  membrane 

Well  formed  endoplasmic  reticulum 

Cytoplasm  contains  loose  fine  filaments 

Mitochondria  few  and  paranuclear 

Rosettes  or  rows  of  Palade  granules 

Prodromal  striation  pattern 

Myofibrils  may  form  loose  three-dimensional  network 

Apposed  cell  membranes  frequently  separated  by  spaces  or  lacunae 

Cells  of  a  fiber  surrounded  by  basement  membrane 

High  concentration  of  glycogen 

Rich  in  esterase  activity 

Exhibit  aberrant  lipogenesis 
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onic  tissue.  More  recently,  others  have 
noted  more  similarities.  Table  3,  compiled 
from  several  sources,  compares,  in  sum- 
mary fashion,  ultrastructural  character- 
istics as  they  appear  in  adult  myocardium, 
conductive  tissue,  and  embryonic  heart.  By 
and  large,  properties  that  are  either  present 
or  absent  in  cells  of  the  conductive  system 
are  likewise  present  or  absent  in  embryonic 
heart. 

The  table  also  lists  three  biochemical 
characteristics.  It  has  been  known  for 
many  years  that  the  conductive  tissue  of 
mammalian  hearts  is  rich  in  glycogen.  In 
1919,  Allen  reported  that  glycogen  concen- 
trated in  the  region  of  the  primitive  heart 
of  6-somite  and  9-somite  chick  embryos, 


aldehydes  except  glycogen.  Figure  27  (pi. 
6)  shows  a  whole  mount  of  a  10-somite 
embryo  prepared  in  this  fashion.  Note  that 
the  heart  is  stained  deeply  (in  the  original 
a  bright  red)  while  the  rest  of  the  embryo  is 
pale.  Figure  28  (pi.  6)  is  a  longitudinal 
section  of  a  3-day-old  chick  embryo  which 
was  injected  with  dilute  India  ink  in  order 
to  outline  the  vascular  endothelium.  The 
embryo  was  then  fixed,  stained  whole,  and 
sectioned.  Again  the  heart  is  brightly 
stained  while  the  rest  of  the  preparation  is 
essentially  colorless.  Similar  preparations 
will  be  made  of  progressively  earlier  chicks, 
to  see  whether  a  high,  stable  glycogen 
content  is  diagnostic  of  prospective  cardiac 
cells;  and  of  later  stages  to  see  whether 


372        CARNEGIE  INSTITUTION  OF  WASHINGTON 


glycogen  remains  concentrated  in  the 
forming  conductive  tissues  while  it  dimin- 
ishes in  the  myocardium. 

Very  recently  a  clue  has  been  provided 
from  an  unexpected  source  that  may  lead 
to  the  sought-after,  critical  distinguishing 
criterion  for  nodal  cells  and  may  also  pro- 
vide a  further  test  of  the  idea  of  biochemi- 
cal similarity  between  nodal  tissue  and 
embryonic  heart.  Drs.  Kuwabara  and 
Cogan  of  the  Harvard  Medical  School  have 
been  studying  a  phenomenon  which  they 
have  termed  "aberrant  lipogenesis."  They 
have  found  that  certain  tissues,  not  usually 
thought  of  as  fatty  or  assumed  capable  of 
producing  lipides,  can,  when  incubated 
with  serum  in  the  presence  of  substrates 
such  as  sodium  oleate,  produce  substantial 
quantities  of  sudanophilic  material.  They 
have  reported  this  property  in  a  variety 
of  cell  types,  including  conductive  tissue 
of  adult  mammalian  heart.  Myocardium, 
on  the  other  hand,  shows  no  sign  of  lipo- 
genic  activity.  Moreover,  according  to 
Kuwabara,  embryonic  heart  also  shows 
high  aberrant  lipogenesis,  even  in  the  com- 
plete absence  of  recognizable  nodal  or 
Purkinje  fibers.  Experiments  are  being 
planned  to  confirm  and  extend  these  ex- 
citing results. 

Perhaps,  by  means  of  this  type  of  bio- 
chemical test,  we  can  ultimately  reach  a 
point  where  a  heart,  at  any  stage  of  de- 
velopment, can  be  examined  for  the  pres- 
ence of  conductive,  or  prospective  con- 
ductive, cells.  And,  more  optimistically, 
perhaps  by  using  similar  tests  on  early  em- 
bryos prospective  heart  cells  can  be  identi- 
fied on  the  basis  of  their  early  chemodifTer- 
entiation. 

Effects  of  Antimycin  A  on  the  Develop- 
ment of  the  Early   Chic\  Embryo 

In  an  article  accepted  for  publication  in 
the  Journal  of  Embryology  and  Experi- 
mental Morphology,  Drs.  John  McKenzie 
and  J.  D.  Ebert  have  presented  in  detail  the 
results  of  their  study  of  the  effects  of  the 
metabolic   inhibitor   antimycin  A  on   the 


early  chick  blastoderm  (Year  Book  58,  pp. 
388-389). 

Before  studying  the  cytological  and  histo- 
logical effects  of  the  inhibitor,  the  investiga- 
tors were  faced  with  the  problem  whether, 
with  variations  in  the  procedures  of  apply- 
ing the  drug,  the  selective  action  of  the  in- 
hibitor on  the  heart  and  other  mesodermal 
derivatives,  as  shown  by  Duffey  and  Ebert, 
would  still  be  apparent.  Duffey  and  Ebert 
had  employed  the  explantation  technique 
of  Fell  and  Robison,  as  modified  by  Spratt, 
the  embryo  being  cultured  with  its  ventral 
surface  (hypoblast)  apposed  to  a  solid  al- 
bumen-agar  medium  containing  antimy- 
cin A. 

The  experiments  of  Dufifey  and  Ebert 
were  repeated  using  the  same  doses  of  in- 
hibitor. Of  twenty-one  embryos  explanted, 
eighteen  showed  no  heart  formation,  and 
the  remaining  three,  poor  development. 
The  brain  was  normal  in  sixteen  embryos, 
and  even  when  it  did  show  slight  inhibition 
the  more  significant  feature  was  the  ab- 
sence of  the  heart,  fully  confirming  the 
earlier  findings. 

The  technique  described  by  D.  A.  T. 
New  was  used  for  all  remaining  explants: 
The  vitelline  membrane,  with  the  blasto- 
derm attached,  is  stretched  over  a  small 
glass  ring  and  floated  upon  thin  albumen  as 
the  culture  medium.  The  relation  of  the 
embryo  to  the  medium  is  the  opposite  of 
that  in  the  earlier  technique,  the  dorsal 
(ectodermal)  surface  being  applied  to  the 
albumen  with  the  vitelline  membrane  inter- 
vening; the  hypoblast  is  exposed  on  the 
upper  surface  of  the  preparation.  One  ad- 
vantage of  this  technique  lies  in  the  al- 
ternative methods  available  for  applying  a 
metabolite  or  inhibitor  to  the  embryo,  di- 
rectly to  its  ventral  surface  or  indirectly 
to  its  dorsal  surface  by  adding  it  to  the 
nutrient  albumen. 

In  the  series  of  experiments  treating  the 
dorsal  surface  of  each  specimen  with  0.03 
microgram  of  antimycin  A,  most  of  the 
embryos  were  killed,  only  a  few  surviving 
to  show  gross  abnormalities  of  brain  and 
heart,  whereas,  with  0.02  ug,  the  few  af- 
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fected  embryos  showed  only  slight  inhibi- 
tion of  the  brain.  Those  treated  with  the 
critical  dose  of  0.025  ug  could  be  divided 
roughly  into  three  groups:  (a)  Those 
dying  without  evidence  of  further  growth. 
(b)  A  number  showing  gross  inhibition 
or  distortion  of  the  brain,  accompanied  in 
many  cases  by  anomalies  of  the  somites 
such  as  poor  definition  or  even  absence 
(fig.  29,  pi.  7).  Only  occasionally  in  this 
group  was  there  inhibition  of  heart  de- 
velopment; a  relatively  frequent  observa- 
tion was  an  area  of  necrosis  and  lysis 
around  the  primitive  streak,  (c)  A  few 
embryos  which  developed  normally  ex- 
cept for  slight  inhibition  of  neural  closure. 
As  might  have  been  expected,  these  groups 
corresponded  roughly  to  the  stages  of  de- 
velopment at  explantation  of  the  embryo, 
those  at  stage  4  comprising  the  majority 
in  group  (a)  and  stages  7  and  8  in  group 

For  application  to  the  ventral  surface  of 
the  blastoderm  the  dose  of  antimycin  A 
was  reduced  to  0.01  to  0.013  ug,  and  the 
results,  although  not  so  clearly  defined, 
approximated  those  obtained  with  the 
Spratt  technique.  There  was  still  a  pre- 
ponderance of  embryos  showing  absence 
or  gross  malformation  of  the  heart,  but 
frequently  the  brain  was  inhibited  to  a 
moderate  degree  (fig.  30,  pi.  7).  Again, 
the  younger  the  embryo  at  explantation, 
the  greater  the  damage  or  inhibition. 

It  appears,  therefore,  that  the  site  of  ac- 
tion of  antimycin  A  depends  largely  on 
how  the  inhibitor  is  applied  to  the  blasto- 
derm— if  dorsally,  neurectoderm  is  af- 
fected; and  if  ventrally,  mesodermal  deriv- 
atives, especially  the  heart,  are  damaged. 
Somite  development  appears  to  occupy  an 
intermediate  place,  for  somites  are  in- 
hibited in  both  approaches.  Histological 
examination  of  embryos  after  antimycin  A 
has  been  applied  on  the  ectodermal  surface 
reveals  necrosis  of  the  neural  folds  and 
of  the  dorsal  portion  of  the  somites  (fig.  31, 
pi.  7). 


In  figure  32  (pi.  7)  the  localized  band 
of  somite  inhibition  represents  the  period 
of  maximal  effect  during  culture  with 
antimycin  A.  In  front  of  the  damaged  area 
and  behind  it  normal  somites  have  de- 
veloped, suggesting  that  antimycin  A  has 
been  absorbed  or  destroyed  in  the  process 
of  inhibition.  This  inactivation  of  the 
drug  has  already  been  recognized  by  Reif 
and  Potter  using  heart-muscle  prepara- 
tions; Thorn  demonstrated  the  pseudo- 
irreversible  nature  of  its  combination  with 
an  antimycin  A-inhibitable  factor  by  add- 
ing fresh  tissue  in  which  the  succinoxidase 
system  was  specifically  and  irreversibly  in- 
hibited; the  result  was  a  reactivation  of  the 
antimycin  A  due  to  redistribution  of  the 
drug  over  the  increased  quantity  of  suscep- 
tible factor.  In  the  experiments  just  de- 
scribed, the  localized  defect  in  somite  for- 
mation apparently  involved  such  critical 
doses  of  antimycin  A  that  reactivation  of 
the  drug  after  the  production  of  fresh 
antimycin  A-inhibitable  factor  in  the  dif- 
ferentiating tissue  was  not  demonstrable 
because  the  concentration  had  fallen  below 
the   threshold   value   for   inhibition. 

Although,  biochemically,  an  antimycin 
A-inhibitable  factor  has  been  shown  to  be 
present  and  is  known  to  act  upon  the 
succinoxidase  system,  there  is  as  yet  no 
indication,  on  cytological  examination,  of 
the  site  of  action;  necrosis  of  affected 
cells  does  occur,  but  ordinary  stains  show 
no  gradation  between  the  healthy  and  the 
dead  cell.  Histochemical  and  possibly  elec- 
tron-microscope examination  will  be  neces- 
sary to  demonstrate  the  site  of  the  anti- 
mycin A-inhibitable  factor. 

It  is  of  some  interest  that  experiments 
now  being  undertaken  by  Dr.  McKenzie 
in  Aberdeen,  using  insulin  as  an  inhibitor 
of  early  chick  development,  have  shown 
an  effect  on  the  neural  tissue  irrespective 
of  the  mode  of  application  of  the  drug; 
furthermore,  no  cellular  necrosis  has  been 
detected  in  the  affected  regions  as  it  is 
with  antimycin  A. 
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EPIGENETIC  RECOMBINATION  AND  EMBRYONIC  INDUCTION 


E pi  gene  tic  Recombination 

In  an  article  completed  recently,  Drs. 
J.  D.  Ebert  and  Fred  H.  Wilt  have  dis- 
cussed animal  viruses  as  causal  agents  in 
differentiation,  as  tools  for  examining  the 
development  of  cell  and  tissue  specificity 
with  emphasis  on  the  question  of  the 
maturation  of  the  cell  surface,  and  as  tools 
for  facilitating  the  transfer  of  epigenetic 
and  genetic  material  between  cells.  They 
accept  as  cogent  the  distinction  advanced 
by  Nanney  that  the  invariant  determinants 
of  the  cell,  wherever  they  may  be  located, 
be  called  genetic,  and  the  variant  deter- 
minants of  cell  fate  be  called  epigenetic, 
genetic  referring  to  a  specific  nucleotide 
sequence  and  epigenetic  to  the  modifiable 
machinery  that  carries  out  the  orders  of 
the  invariant  nucleotide  alphabet.  It  ap- 
pears no  longer  meaningful  to  speak  of 
resolving  the  apparent  contradiction  be- 
tween genetic  constancy  and  the  orderly 
establishment  of  populations  of  specialized 
stable  cells,  for  not  only  may  the  same  set 
of  chromosomes  have  a  different  appear- 
ance in  different  kinds  of  cells,  but  also 
all  the  genetic  material  may  not  be  func- 
tioning simultaneously.  A  chemical  basis 
must  be  sought  for  differential  hetero- 
catalysis  and  possibly  for  chemical  differ- 
ences in  the  genetic  material  itself,  in 
accord  with  the  requirements  of  the  cell 
in  which  it  is  located.  Moreover,  the  dif- 
ferential physiological  activity  of  the  ge- 
netic material  must  reflect  its  interaction 
with  epigenetic  elements.  It  becomes  im- 
portant, then,  to  focus  on  the  question  of 
the  nature  of  the  epigenetic  depot  and  the 
manner  in  which  it  is  influenced  by  genetic 
and  environmental  elements.  The  ques- 
tion is  asked  whether  we  may  combine 
parts  of  cells,  other  than  nuclei  which  have 
been  exchanged  successfully.  Especially 
relevant  to  the  discussion  are  the  micro- 
somes, for  their  ability  to  carry  out  syn- 
theses in  vitro  suggests  the  possibility  of 
epigenetic  recombination  at  the  level  of 
these  biochemical  units.  They  then  discuss 


the  relation  of  the  concept  of  epigenetic 
recombination,  of  exchange  of  biochemical 
units,  to  embryonic  induction. 

According  to  Grobstein,  embryonic  in- 
duction is  "developmentally  significant  in- 
teraction between  closely  associated  but 
dissimilarly  derived  tissue  masses."  By 
developmentally  significant  Grobstein 
means  a  progressive  change  in  one  or  both 
tissues  which  persists  when  the  tissues  are 
separated.  He  has  enumerated  the  char- 
acteristics that  might  be  employed  in  de- 
signing an  attack  on  the  mechanisms  of 
tissue  interaction,  stressing  the  probability 
that  there  is  no  single  inductive  mecha- 
nism: (1)  a  clearly  recognizable,  unam- 
biguous response,  one  that  can  be  standard- 
ized and  quantified  as  necessary;  (2)  a 
reaction  that  is  accessible  to  interruption 
and  to  separation  and  recombination  of 
interactants,  and  that  occurs  under  con- 
trolled conditions;  (3)  a  reaction  that  can 
be  observed  during  its  course;  (4)  a  reac- 
tion that  occurs  across  an  interzone  within 
which  the  agents  can  be  visualized  and 
analyzed. 

These  criteria  have  not  been  realized. 
As  Ebert  and  Wilt  stress,  one  fundamental 
difficulty  is  semantic.  To  expect  that  in- 
duction of  the  central  nervous  system  can 
be  compared  to  induction  of  epithelial 
tubules  is  unwarranted;  hence  the  word 
"induction"  must  always  be  defined  opera- 
tionally. The  fate  of  cells  may  be  shifted  in 
several  ways: 

1.  By  stimuli  that  clearly  are  nonspecific: 
the  complete  code  for  differentiation  may 
be  present  within  the  cell,  needing  only  to 
be  released,  the  vague  word  "released" 
being  used  deliberately,  reflecting  our  lack 
of  information  as  to  mechanisms.  Barth 
and  Barth  have  shown,  for  example,  that 
the  prospective  epidermal  cells  of  Rana 
pipiens  gastrulae  have  a  spectrum  of  dif- 
ferentiation potentialities  that  may  be 
brought  to  expression  without  contact  with 
an  inductor  or  even  exposure  to  a  medium 
conditioned  by  such  an  inductor. 
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2.  Cell  specialization  may  be  evoked  also 
by  specific  small-molecular  stimuli,  as 
exemplified  by  Wilde's  experiments  dem- 
onstrating that  the  differentiation  of  neural- 
crest  pigment  cells  and  ectomesenchyme  is 
associated  with  a  specific  phenylalanine 
metabolism. 

3.  A  third  category,  that  more  commonly 
associated  with  embryonic  induction,  is  the 
exchange  between  interacting  tissues  of 
specific  macromolecules  and  particulates. 
There  is  evidence,  especially  in  tissues 
other  than  the  competent  amphibian  ecto- 
derm, relating  the  specificity  of  induction 
to  the  nature  of  the  stimulus.  This  evi- 
dence, which  is  reinforced  by  approaches 
designed  to  reveal  transfer  of  large  mole- 
cules, suggests,  but  does  not  prove,  transfer 
of  such  specific  agents;  experiments  em- 
ploying filters  of  known  porosity,  and 
those  utilizing  inductors  labeled  radioac- 
tively  or  with  fluorescent  antibodies,  may 
be  cited. 

Viewed  against  this  background,  epi- 
genetic  recombination  and  embryonic  in- 
duction are  not  synonymous.  The  action 
of  nonspecific  and  specific  small-molecular 
inductors  may  be  mediated  through  the 
epigenetic  depot.  Embryonic  induction  and 
epigenetic  recombination  may  be  equated 
only  when  tissue  interaction  requires  the 
transfer  of  complex  molecules  capable  of 
carrying  information,  when  it  is  more  than 
a  triggering  mechanism.  It  is  when  we 
consider  the  evidence  implicating  ribo- 
nucleic acid  (RNA)  and  RNA-protein 
that  the  phenomena  become  almost  in- 
extricably interwoven.  The  course  of  re- 
search in  this  field  is  too  well  known  to 
require  summarization;  yet,  over-all,  the 
evidence  is  indirect  and  inconclusive.  In 
Year  Book  58  (pp.  406-410)  it  was  pointed 
out  that  one  must  write  "RNA  or  RNA- 
protein,"  for  the  roles  played  by  the  nucleic 
acid  and  protein  moieties  have  not  been 
clarified. 

The  mechanisms  of  tissue  interaction 
and  of  information  transfer  are  being 
attacked  by  several  members  of  the  group, 


each  in  a  different  way.  In  the  sections 
to  follow,  we  shall  consider  animal  viruses 
as  tools  for  facilitating  transfer  of  tissue- 
specific  microsomes,  the  interaction  of  ecto- 
derm and  mesoderm  in  the  development  of 
regional  specialization  of  the  integument, 
characterization  of  the  lens  proteins  pre- 
paratory to  a  study  of  lens  induction,  and 
experiments  on  enzyme  induction,  carried 
out  as  a  prelude  to  attempts  to  transfer 
enzyme-forming  "information"  by  RNA. 

The  Formation  of  Muscle  and  Muscle-like 

Elements  in  the  Chorioallantoic  Membrane 

after  Inoculation  of  a  Mixture  of  Cardiac 

Microsomes  and  Rous  Sarcoma   Virus 

In  view  of  the  inconclusiveness  of  the 
evidence  that  might  enable  one  to  deter- 
mine whether  or  not  specific  protein  is 
essential  for  the  inductive  action  of  RNA, 
in  contrast  to  the  preparation  of  infective 
RNA  from  certain  viruses,  and  in  view 
of  the  positive  evidence  for  the  involve- 
ment of  microsomes  in  protein  synthesis, 
efforts  were  renewed  to  determine  whether 
the  administration  of  microsomes  of  adult 
tissues  to  embryonic  cells  might  alter  the 
course  of  development  of  the  recipient  cells, 
attention  being  given  to  measures  that 
might  facilitate  passage  and  competition  of 
the  microsomes. 

The  possibility  was  advanced  in  Year 
Book  58  (pp.  406-410)  that  animal  viruses 
might  provide  such  a  measure.  It  was 
argued  that  a  combination  of  RNA  or 
RNA-protein  from  a  normal  tissue  with  a 
suitable  animal  virus  might  provide  a 
means  of  facilitating  the  transfer  of  infor- 
mation to  another  tissue. 

Dr.  Ebert  has  prepared  for  publication 
in  the  Harrison  Memorial  Volume  of  the 
Journal  of  Experimental  Zoology  a  de- 
tailed report  of  the  observations,  cited 
in  preliminary  form  in  Year  Book  58,  that 
the  implantation,  on  the  chorioallantoic 
membrane  of  the  11-day-old  chick  embryo, 
of  a  mixed  inoculum  composed  of  a  micro- 
somal fraction  of  adult  or  18-day-old  em- 
bryonic   cardiac    muscle    and    the    Rous 
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sarcoma  virus,  extracted  together  according 
to  the  technique  of  Moloney,  results  in  the 
formation  of  tumorous  masses  indistin- 
guishable grossly  from  those  produced  by 
the  inoculation  of  the  Rous  sarcoma  virus. 
Contractions  of  these  masses  were  not  ob- 
served, but  a  study  of  sections  revealed 
differences  in  the  two  groups.  Inocula- 
tion with  Rous  sarcoma  virus  evokes  the 
ectodermal  and  mesodermal  lesions  charac- 
teristic of  the  tumor.  Inoculation  of  the 
mixture  evokes  masses  which  contain  to  a 
varying  degree,  intermingled  among  the 
mesodermal  sarcoma  cells,  muscle  and 
muscle-like  elements.  Of  603  masses  re- 
covered from  membranes  inoculated  with 
the  mixture,  27  per  cent  contain  muscle  to 
some  degree.  These  findings  are  con- 
trasted with  the  absence  of  muscle  after  the 
inoculation  of  Rous  sarcoma  virus  alone. 

The  implantation  on  the  chorioallantois 
of  a  cardiac  microsome  fraction  alone 
failed  to  produce  tumor  masses.  Apart 
from  suggestions  of  a  keratogenic  meta- 
plasia in  the  chorionic  epithelium,  mani- 
fested, as  described  by  Moscona,  as  the 
alteration  of  the  one-cell-thick  chorioepi- 
thelial  membrane  into  a  stratified,  squa- 
mous, highly  keratinized  epithelium,  sig- 
nificant changes  in  the  membrane  have  not 
been  observed.  In  keeping  with  Moscona's 
description,  "keratinized"  cysts  were  ob- 
served occasionally,  reflecting,  possibly, 
trauma  to  the  epithelium  and  alteration 
of  the  gaseous  environment  (reduction  of 
carbon  dioxide  content  as  suggested  by 
Moscona  and  Carneckas) .  Otherwise  there 
was  no  evidence  of  "proliferation"  of  the 
inoculum;  i.e.,  there  was  no  marked  in- 
crease in  basophilia  of  the  chorionic  epi- 
thelium, nor  was  there  any  other  pro- 
nounced reaction  on  the  part  of  the  mem- 
brane. 

It  should  be  made  clear  that  in  contrast 
to  the  report  by  Moscona,  who  has  con- 
firmed and  extended  earlier  findings  of 
keratogenic  metaplasia  in  the  chorionic 
epithelium,  the  findings  recorded  in  the 
current  experiments  involve  the  richly 
vascularized   mesenchyme   on   which   the 


epithelium  rests.  Changes  are  observed 
in  the  chorionic  epithelium,  but  only  those 
characteristic  of  the  effects  of  the  Rous 
sarcoma  virus  and  of  keratogenic  meta- 
plasia. The  changes  described  in  the  meso- 
dermal cells  have  been  observed  5  to  7 
days  after  inoculation;  in  fact,  the  most 
striking  preparations,  without  exception, 
have  been  recovered  on  the  seventh  post- 
operative day.  At  this  time  the  ectodermal 
cells  are  for  the  most  part  necrotic,  having 
passed  through  a  wave  of  neoplastic  pro- 
liferation some  3  to  4  days  earlier.  Con- 
current with  these  changes  is  an  intense 
proliferation  of  neoplastic  mesodermal 
cells. 

The  meaning  of  the  recovery  figure,  27 
per  cent,  is  difficult  to  assess  in  view  of 
dilution  and  sampling  problems.  The  vari- 
ability of  the  reaction  is  puzzling  when 
one  thinks  of  it  in  terms  of  the  accuracy 
expected  of  the  titration  procedures  for 
the  Rous  sarcoma  virus.  Virus  assays  with 
a  high  degree  of  accuracy  can  be  obtained, 
requiring  the  inoculation  of  only  about 
10  embryos.  With  embryos  of  a  highly 
susceptible  variety,  pock  counts  are  log 
normally  distributed  and  show  a  linear 
dependence  on  dose.  The  mixture  of 
cardiac  muscle  with  sarcoma  at  the  outset 
of  the  extraction  procedure  results  not  only 
in  a  reduction  of  titer  of  the  virus,  as 
judged  by  pock  counts  following  serial 
twofold  dilutions  of  the  mixture  and  of 
the  Rous  sarcoma  alone,  but  also  in  an 
increase  in  the  frequency  of  nonreacting 
membranes. 

As  for  the  sampling  problem,  the  pro- 
cedure has  been,  after  recovery  of  an 
affected  chorioallantoic  membrane,  to  select 
for  study  the  largest  and  the  smallest 
masses  that  indubitably  have  involved  the 
mesenchyme.  It  is  clear  that  in  future 
experiments  all  the  tumor  masses  from  a 
significant  number  of  membranes  will 
have  to  be  sectioned,  or  analyzed  by  an- 
other, more  rapid,  assay  technique.  Within 
the  positive  specimens,  however,  further 
quantitative  variation  exists  in  the  size 
and  frequency  of  the  "nests"  or  "veins"  of 
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muscle  tissue.  Qualitatively,  too,  the 
masses  are  composed  o£  elements  ranging 
from  those  typical  of  the  Rous  sarcoma, 
more  often  disorganized,  matted  spindle 
cells,  through  elongated  fibrous  elements 
that  are  neither  clearly  sarcoma  nor  clearly 
muscle,  to  elongated  fibers  that  lack  cross 
striations,  to  striated  myofibrils,  some  of 
which,  in  their  organization,  resemble 
cardiac  muscle. 

An  attempt  to  enhance  the  differentia- 
tion of  muscle  by  transferring  tumor- 
muscle  masses  to  secondary  hosts.  It  is 
well  known  that  the  eleventh  day  of  in- 
cubation is  the  optimal  time  for  inocula- 
tion of  the  Rous  sarcoma  virus,  if  chorio- 
allantoic tumors  are  the  objective  of  the 
experiment  (in  contrast  to  the  hemorrhagic 
reaction  produced  by  intraembryonic  in- 
oculation at  earlier  stages).  In  the  experi- 
ments described  thus  far  the  conditions 
favored  the  virus;  inoculations  were  made 
at  11  days,  rather  than  at  9  days,  which 
would  have  permitted  a  longer  period  of 
development  for  normal  tissue  elements. 
Commonly,  chorioallantoic  grafts  are  made 
on  the  ninth  day,  for  example. 

It  was  reasoned  that,  if  a  number  of  the 
masses  resulting  from  the  combined  in- 
oculum were  cut  into  fragments  the  size 
of  those  used  in  the  conventional  chorio- 
allantoic grafting  approach,  the  fragments 
being  transplanted  to  new  hosts,  the  added 
period  of  incubation  should  allow  the 
muscle  fibers  to  differentiate  more  clearly. 
In  a  series  of  experiments,  10  membranes 
recovered  5  days  after  inoculation  at  day 
11  with  the  combined  preparation  were 
employed.  From  each  membrane  two 
lesions  were  selected  after  the  manner  out- 
lined above.  Each  lesion  was  cut,  with 
sharpened  beading  needles,  into  a  number 
of  fragments,  every  third  fragment  being 
transplanted  to  the  chorioallantoic  mem- 
brane of  a  new  11-day-old  host.  One 
hundred  thirty-one  grafts  succeeded;  at 
recovery  7  days  after  implantation  there 
was  unmistakable  growth;  yet  only  in  4 
masses  recovered  from  3  membranes  were 


substantial  numbers  of  muscle  cells  ob- 
served. Traces  of  muscle-like  elements 
were  observed  in  8  others. 

These  experiments  are,  in  one  sense,  dis- 
appointing, yet  they  are  revealing.  They 
fail  to  provide  evidence  that  the  cardiac 
microsomes  have  "infected"  the  chorio- 
allantois  under  the  influence  of  the  Rous 
sarcoma  virus;  they  do  suggest,  however, 
that,  whatever  the  mechanism  of  the  in- 
duction, the  induced  muscle  cells  not  only 
grow  less  rapidly  than  the  sarcoma  cells 
but  also  may  be  subject  to  reinfection  by 
the  Rous  sarcoma  virus.  In  other  pre- 
liminary experiments,  Dr.  Ebert  has  at- 
tempted unsuccessfully  to  transfer  the  in- 
ductive effect  serially  by  microsomal  frac- 
tions isolated  from  presumed  sarcoma- 
muscle  masses.  In  each  of  three  experi- 
ments, the  chorioallantoic  membranes  of 
thirty-six  11-day-old  embryos  were  in- 
oculated with  the  cardiac  microsome- 
Rous  sarcoma  virus  preparation.  Six  days 
later,  21,  26,  and  25  membranes,  respec- 
tively, were  recovered,  presumably  con- 
taining muscle  or  muscle-like  elements. 
Samples  fixed  at  recovery  and  examined 
later  revealed  the  presence  of  muscle-like 
elements  in  the  characteristic  proportion. 
In  each  experiment  most  of  the  membranes 
were  recovered  and  carried  through  the 
usual  procedure  for  preparing  the  mixed 
inoculum,  after  which  they  were  tested 
on  chorioallantoic  membranes  of  11-day- 
old  embryos.  Only  typical  sarcomatous 
masses  were  recovered.  It  is  too  early  to 
assess  these  preliminary  experiments;  in 
view  of  the  relatively  small  amount  of 
muscle  tisue  as  compared  with  the  sarcoma 
in  the  mixed  masses,  it  will  be  necessary 
to  complete  experiments  in  which  the 
initial  proportions  of  cardiac  muscle  and 
sarcoma  are  varied,  in  order  to  appreciate 
the  problems  involved  in  recovering  the 
active  fraction  when  the  sarcoma  is  greatly 
in  excess. 

Finally,  brief  mention  may  be  made  of 
a  finding  that  is  at  once  intriguing  and 
exasperating.  It  will  be  recalled  that  among 
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the  criteria  established  at  the  outset  o£  the 
experiments  was  the  following:  the  tissue 
to  be  induced  should  be  one  that  is  recog- 
nized readily  by  conventional  microscopic 
techniques  yet  is  amenable  also  to  analysis 
by  biochemical  and  immunochemical 
methods.  Cardiac  muscle  was  selected, 
partly  because  of  the  laboratory's  experi- 
ence in  immunochemical  studies  of  cardiac 
actin  and  myosin.  The  first  steps  of  the 
study  by  histological  techniques  having 
been  completed,  it  appeared  that  more 
rapid  progress  might  be  made  by  assaying 
the  presumed  tumor-muscle  masses  by 
microprecipitin  techniques  with  anticardiac 
actin  and  anticardiac  myosin.  This  opti- 
mism proved  to  be  unwarranted,  however, 
for  the  extracts  of  the  Rous  sarcoma  alone, 
recovered  at  days  15,  16,  and  17  after  in- 
oculation at  day  11,  react  with  the  antisera. 
Absorption  tests  have  not  been  completed, 
and  it  is  not  yet  known  whether  the  im- 
munochemical approach  will  ultimately 
prove  to  be  useful  in  screening  the  results 
of  large-scale  experiments.  Nevertheless, 
apart  from  the  obvious  practical  difficulty 
these  findings  pose,  they  are  interesting  in 


themselves,  especially  in  light  not  only  of 
the  original  selection  of  the  Rous  sarcoma 
virus  as  one  having  an  affinity  for  muscle 
but  also  of  the  recent  discovery,  in  another 
laboratory,  that  the  Rous  sarcoma  virus, 
labeled  with  fluorescent  antibodies,  tends  to 
localize  in  muscle. 

Development  of  Regional  Specialization  of 
the  Integumentary  System 

Dr.  Mary  E.  Rawles  is  continuing  her  ex- 
perimental analysis  of  the  origin  and  de- 
velopment of  regional  specialization  of  the 
epidermis  and  its  derivatives  in  the  Silver 
Campine  fowl,  paying  special  attention  to 
the  developmental  relationships  between 
scales  and  feathers.  With  certain  modifica- 
tions in  the  usual  grafting  procedure,  the 
highly  vascularized  chorioallantoic  mem- 
brane has  been  found  particularly  suitable 
as  a  culture  site  for  investigating  the  causal 
factors  involved  in  the  ectodermal-meso- 
dermal reactions  occurring  between  the 
prospective  feather-forming  and  scale-form- 
ing areas  of  skin  at  various  stages  in 
ontogeny. 


SYNTHESIS  AND  LOCALIZATION  OF  TISSUE-SPECIFIC  PROTEINS 


Characterization  of  the  Lens  Proteins 

During  the  past  year  Dr.  John  Papa- 
constantinou  has  continued  his  studies  on 
the  fractionation  and  characterization  of 
the  adult  bovine  lens  proteins.  An  im- 
portant part  of  his  program  has  been  ac- 
complished in  collaboration  with  Dr. 
Robert  A.  Resnik  of  the  National  Institute 
of  Neurological  Diseases  and  Blindness. 
In  Year  Book  58  (pp.  379-385),  methods  of 
fractionation  of  the  bovine  lens  proteins 
by  use  of  diethylamino  ethyl  cellulose 
(DEAE)  were  described  and  electropho- 
retic  data  on  the  protein  fractions  obtained 
from  the  column  were  presented.  Experi- 
ments have  been  continued  along  these 
lines,  and  a  detailed  electrophoretic  analysis 
of  proteins  from  the  cortical  and  nuclear 
regions  of  the  adult  lens  has  been  com- 
pleted. In  addition,  a  series  of  studies  on 


the  physicochemical  nature  of  the  purified 
adult  a-crystallins  has  been  successfully 
concluded.  Among  the  latter  studies  are 
experiments  which  have  shown  that  one  of 
the  a-crystallins  occurs  as  a  dimer,  and 
have  defined  the  chemical  conditions  under 
which  this  dimer  may  be  converted  to  its 
monomer.  Molecular  weights  of  both  the 
dimeric  and  the  monomeric  forms  of  this 
a-crystallin  have  been  determined. 

Dr.  Papaconstantinou  has  also  begun  to 
fractionate  and  characterize  the  lens  pro- 
teins of  the  bovine  embryo  using  embryos 
of  various  ages.  And,  finally,  he  has  begun 
a  study  of  the  nature  of  the  proteins  from 
bovine  calves,  looking  toward  a  better  un- 
derstanding of  the  molecular  changes  that 
occur  during  both  the  prenatal  and  the 
postnatal  development  and  growth  of  the 
lens. 
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The  physicochemical  properties  of  adult 
bovine  a-crystallins.  The  analysis  of  the 
adult  bovine  lens  has  revealed  that  it  con- 
tains four  a-crystallins.  Three  of  these 
molecular  species  have  been  prepared  in 
highly  purified  form,  electrophoresis  and 
ultracentrifugation  techniques  being  used 
to  determine  purity.  Of  these  three  pro- 
teins, two  have  been  used  in  further  physi- 
cochemical experiments.  They  were  iso- 
lated from  a  lens  homogenate,  prepared  in 
0.005  M  phosphate  buffer,  pH  7,  by  frac- 
tionation on  a  DEAE-cellulose  column. 
The  proteins  were  eluted  from  the  column 
at  acid  pH. 

Upon  elution  from  the  DEAE  column 
one  of  these  a-crystallins  has  a  sedimenta- 
tion coefficient  of  17S,  retaining  this  coeffi- 
cient up  to  pH  7.3.  At  pH's  above  7.3,  a 
second  fraction  appears  having  a  sedimen- 
tation constant  of  10S.  This  slower  fraction 
appears  to  result  from  a  change  in  the  17S 
fraction.  This  transformation  is  shown  in 
figure  33,  (a)-(e)  (pi.  8).  The  possibility 
that  the  transformation  might  involve  a 
splitting  of  the  parent  molecule  was  in- 
vestigated. 

It  has  been  found  that  the  transformation 
of  17S  material  to  10S  material  requires  an 
alkaline  p¥L  (fig.  33c)  and  is  unaffected 
by  changes  in  ionic  strength.  The  trans- 
formation, which  is  enhanced  by  increasing 
the  temperature,  proceeds  rapidly  at  25° 
to  30  °C.  Molecular- weight  determinations 
of  normal  and  transformed  a-crystallin,  at 
pU  6.8,  gave  values  of  1,086,000  and  549,000, 
respectively.  The  molecular  weight  of 
transformed  a-crystallin  at  pH  10  was 
514,000.  When  the  10S  fraction  at  pU  10 
was  titrated  back  to  pH  6.8  (fig.  33d)  the 
17S  fraction  did  not  reappear.  These  find- 
ings indicate  that  the  transformation  of  the 
17S  to  the  10S  fraction  is  irreversible. 

In  moving-boundary  electrophoresis,  at 
pH  8.6  (fig.  34,  pi.  8),  there  is  no  evidence 
for  the  presence  of  two  forms  of  a-crystal- 
lin, whereas  under  the  same  pH  conditions 
there  are  two  boundaries  detectable  by 
ultracentrifugation  (fig.  33c).  This  obser- 


vation suggests  that  the  two  forms  of 
a-crystallin,  the  17S  and  10S  fractions,  have 
the  same  net  charge.  Viscosity  data  have 
given  no  indication  that  the  shape  factors 
of  the  two  forms  are  different.  It  is  con- 
cluded, therefore,  that  this  adult  bovine 
a-crystallin  may  be  a  dimer,  which  under 
slightly  alkaline  conditions  depolymerizes 
to  form  two  identical  monomers.  These 
results  suggest  that  the  molecular  weights 
that  have  appeared  in  the  literature  as  in- 
termediate between  1 X  106  and  5  X  105  may 
be  average  values  obtained  by  using  prepa- 
rations containing  more  than  one  form  of 
the  molecule. 

Studies  on  bovine  embryo  and  calf  lens 
proteins.  Of  the  four  molecular  species  of 
a-crystallin  found  in  the  adult  bovine  lens, 
two  have  been  found  in  the  lens  in  the 
third  month  of  development.  After  the 
fifth  month,  a  third  a-crystallin  appears. 
Analysis  of  the  lens  protein  of  the  calf  has 
shown  that  all  four  a-crystallins  are  present. 
The  embryonic  a-crystallins,  which  have 
been  prepared  in  a  highly  purified  form, 
will  be  studied  to  determine  whether  they 
have  properties  similar  to  those  established 
for  the  adult  proteins,  namely,  a  high  mo- 
lecular weight  (106)  and  transformation  to 
the  monomeric  form  (5X105)  at  alkaline 
pH. 

In  studies  of  the  adult  lens  proteins  it 
was  found  that  the  cortical  and  nuclear 
fibers  differ  significantly  with  respect  to  the 
amount  of  y-crystallin  present.  The  nu- 
clear fibers  were  found  to  contain  6  to  10 
times  more  y-crystallin  than  the  cortical 
fibers.  Analysis  of  lenses  from  3-,  4-,  and 
5-month-old  bovine  embryos  has  shown 
that  both  cortical  and  nuclear  fibers  con- 
tain large  amounts  of  y-crystallin.  Calf 
cortical  and  nuclear  fibers  also  were  ana- 
lyzed :  it  was  found  that  the  nuclear  fibers 
contain  twice  as  much  y-crystallin  as  the 
cortical  fibers.  Since  the  cortical  fibers  of 
the  calf  and  adult  lens  show  progressively 
less  y-crystallin  it  appears  that  the  synthesis 
of  this  protein  may  have  been  suppressed, 
as  the  lens  develops,   either  in  the  lens 
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epithelial  cells  or  in  the  newly  formed 
fibers.  The  nuclear  fibers  of  the  calf  and 
adult  lenses  retain  this  large  amount  of 
y-crystallin.  With  respect  to  y-crystallin, 
therefore,  it  appears  that  the  nuclear  fibers 
of  the  adult  lens  retain  an  embryonic  fea- 
ture, i.e.,  the  synthesis  of  large  quantities 
of  y-crystallin. 

Immunochemical  Studies  on  the  Develop- 
ment of  the  Cellular  Slime  Molds 

In  the  development  of  the  cellular  slime 
molds,  independent  amoebae  stream  to- 
gether to  central  points,  and  thereafter  each 
aggregated  mass  or  pseudoplasmodium 
proceeds  to  develop  as  a  unified  individual. 
This  process  involves  the  migration  of  the 
pseudoplasmodium  and,  by  a  series  of 
morphogenetic  movements  in  addition  to 
cellular  differentiation,  formation  of  a  fruit- 
ing body  consisting  of  a  cellular  stalk  sup- 
porting a  spherical  mass  of  spores.  It  was 
shown  by  Raper  that  the  anterior  cells  of 
the  migrating  pseudoplasmodium  eventu- 
ally differentiate  into  stalk  cells,  whereas 
the  posterior  cells  differentiate  into  spores. 
Early  signs  of  differentiation  of  prestalk 
and  prespore  cells  have  been  demonstrated 
in  the  migrating  pseudoplasmodium  with 
vital,  histological,  and  histochemical  stain- 
ing methods.  It  was  demonstrated  further 
by  Bonner  that,  before  the  formation  of  the 
migrating  pseudoplasmodium,  during  the 
aggregation  stage,  there  is  a  redistribution 
and  a  sorting-out  of  cells.  The  present 
work  was  initiated  to  study  the  appear- 
ance, during  the  course  of  development,  of 
antigens,  or  more  properly  combining 
groups,  capable  of  reacting  with  antibodies 
against  spore  and  stalk  antigens.  Can  the 
appearance  of  specific  combining  groups  be 
related  to  the  process  of  sorting-out  of  cells 
as  well  as  the  subsequent  differentiation  of 
the  two  cell  types  during  the  morphoge- 
netic movements  ? 

The  spores  of  Dictyostelium  mucoroides 
were  collected  by  immersing  a  large  num- 
ber of  fruiting  bodies  in  a  buffered,  dilute 
aerosol  OT  solution  (10  mg  per  cent)  and 


freeing  the  spores  from  the  stalks  by  strain- 
ing. After  the  spores  were  washed  by  re- 
peated centrifugation  in  a  buffered  saline 
solution,  a  known  concentration  of  the  final 
spore  suspension  was  injected  into  each  of 
five  rabbits.  Three  courses  of  injections 
(totaling  thirteen)  were  made  over  a 
period  of  3  months.  The  antisera  produced 
have  been  studied  by  agglutination  and  by 
the  precipitin-ring  and  Ouchterlony  agar- 
gel  diffusion  methods  with  whole  cells  and 
extracts  from  the  different  developmental 
stages. 

The  antisera  heated  at  56  °C  for  30 
minutes  agglutinated  the  spores  and  had 
titers  from  1/200  to  1/400.  Heated  normal 
sera  showed  either  a  slight  (titer  l/2)  ag- 
glutination or  none  at  all,  whereas  all  the 
unheated  normal  sera  agglutinated  the 
spores  with  considerably  higher  titers.  The 
heated  antisera  also  agglutinated  amoebae 
collected  from  the  vegetative  stage  and 
from  the  interphase  (between  the  vegeta- 
tive and  the  aggregation  stages),  with  titers 
not  significantly  different  from  the  ones  for 
the  spores.  The  unheated  antisera  caused 
strong  cytolysis  of  the  amoebae,  whereas  no 
cytolysis  was  observed  with  the  heated  nor- 
mal sera,  which  showed  either  little  or  no 
agglutination  of  the  amoebae. 

In  order  to  study  soluble  antigens  of  the 
spores,  extracts  of  the  spores  were  made  at 
different  pH's  and  ionic  strengths,  each 
extract  being  tested  by  precipitin-ring  and 
agar-gel  diffusion  methods.  Although  vary- 
ing pH  from  5.6  to  8.4  had  no  appreciable 
effect  on  the  titer  in  the  ring  test  (when 
expressed  in  terms  of  the  amount  of  protein 
in  the  highest  dilution  of  the  extract  needed 
to  produce  a  positive  reaction),  a  large 
amount  of  protein  was  extracted  on  the 
alkaline  side.  Increasing  the  ionic  strength 
of  the  extractant  from  0.014  u  to  0.14  u 
had  little  effect  on  the  titer,  but  further  in- 
creases in  ionic  strength  decreased  the  titer 
considerably.  Ouchterlony  tests  of  all  the 
antisera  against  the  extracts  made  at 
0.014  u  revealed  two  strong  bands.  The 
extracts  made  at  0.14  u  or  higher  ionic 
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strength  showed  an  additional  weak  band 
with  most  of  the  antisera. 

Reactivity  of  the  antispore  sera  with  ex- 
tracts (made  at  both  0.014  and  0.20,  pH  7.7) 
of  cells  from  various  stages  of  development 
are  being  studied.  As  is  shown  in  table  4, 
precipitin  tests  of  one  of  the  antisera  with 
the  0.014-u  extracts  indicate  that  there 
is  a  marked  increase  in  reactivity  of  the 
migrating  pseudoplasmodium  stage,  the 
titer  (in  terms  of  protein)  being  about  10 
times  that  of  reactions  with  the  aggregation 
stage  but  about  half  as  great  as  in  reactions 
with  spores.    Since  the  slime  molds   are 


the  migrating  pseudoplasmodia  revealed 
one  identical  band  with  the  spore  extract 
with  all  the  sera  tested  (four),  the  second 
band  showing  either  identity  (fig.  35,  pi.  9) 
or  a  sign  of  partial  identity  (fig.  36,  pi.  9), 
depending  on  the  serum  tested.  One  serum 
revealed  an  additional  band  which  is  not 
identical  with  either  of  the  two  bands 
against  the  spore  extract  (fig.  35) .  Testing 
two  of  the  antisera  against  the  0.20-|j 
extracts,  it  was  found  that  the  extract  of 
the  migrating  pseudoplasmodia  showed 
two  or  three  bands  which  are  all  identical 
with   the  ones  against  the  spore  extract 


TABLE  4.     Precipitin-Ring  Tests  of  an  Antispore  Serum  (no.  4)  against  Extracts  of  Dictyostelium 

Cells  from  Various  Stages  of  Development,  and  of  E.  coli 


Stage 


Migrating 
Vegetative    Interphase     Aggregation      Pseudoplas- 
modium 


Spore 


E.  coli 


Highest  dilution  of 
extracts  needed 
for  positive  re- 
action, v/v  <10*  25-50  50-100 

Minimum  concen- 
tration of  protein, 
r/ml,  needed  for 
positive  reaction     >  445  *  456-912  441-882 


400-800 


40-80 


1500-3000 


19-38 


<10t 


>  10,140  f 


*  Positive  reaction  was  observed  with  both  normal  and  antisera  at  this  dilution, 
t  Reaction  was  negative  at  this  dilution. 


grown  with  Escherichia  coli,  cross  reac- 
tivity of  the  antiserum  with  the  bacterial 
extract  was  tested.  No  positive  reaction 
was  observed  at  the  highest  concentration 
of  the  extract.  On  the  other  hand,  the  stalk 
extract  was  found  to  show  high  cross  reac- 
tivity with  the  antispore  serum,  its  titer 
being  about  the  same  as  that  of  the  spore 
extract  in  terms  of  protein.  Precipitin  tests 
with  the  0.20-u  extracts  from  the  dif- 
ferent stages  indicated  almost  the  same 
tendency  as  above,  though  their  absolute 
titers  were  lower.  Ouchterlony  tests  of  the 
antispore  sera  against  the  extracts  from  dif- 
ferent stages  showed  cross  reaction  only 
with  the  extract  from  the  migrating 
pseudoplasmodia.    The  0.014-u  extract  of 


(fig.  37,  pi.  9).  Interpretations  of  these 
results  must  wait  until  further  experiments 
are  carried  out  along  with  absorption 
studies. 

As  the  first  of  a  series  of  absorption 
studies,  one  of  the  antispore  sera  was  ab- 
sorbed with  the  surface  antigens  of  the 
spores.  In  a  preliminary  study  it  was  found 
that,  after  complete  absorption,  the  ab- 
sorbed serum  still  agglutinated  amoebae 
(titer  y2)  but  failed  to  agglutinate  spores 
(the  normal  serum  did  not  agglutinate 
either  spores  or  amoebae) .  Precipitin  tests 
of  the  absorbed  serum  as  well  as  other  ab- 
sorption studies  are  projected. 

A  few  experiments  have  been  conducted 
to   study    the   effect   of   the   antisera   on 
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morphogenesis  in  Dictyostelium.  No  del- 
eterious effects  have  been  detected,  and 
the  stalks  and  the  spores  appear  normal 


morphologically,  although  viability  and 
normal  germination  of  the  spores  and  fur- 
ther development  have  not  been  tested. 


ENZYME  INDUCTION  IN  EMBRYONIC  CELLS 


The  possible  role  of  enzymatic  adapta- 
tion as  a  mechanism  of  cellular  differentia- 
tion has  been  a  subject  of  active  discussion 
for  several  years.  The  synthesis  of  adap- 
tive enzymes  is  substrate-responsive:  the 
presence  of  substrate,  or  substrate-like  com- 
pounds, can  modify  the  rate  of  synthesis 
of  the  enzyme.  Physiologically  important 
enzymatic  adaptations  have  been  described 
for  bacteria,  and  a  few  examples  are  known 
for  multicellular  organisms,  including 
mammals.  Undoubtedly  these  adaptive  en- 
zymes undergo  some  sort  of  ontogenetic 
process.  This  type  of  ontogeny  of  enzyme 
formation  must  be  distinguished,  however, 
from  any  possible  role  of  enzymatic  adap- 
tation as  a  causal  force  in  effecting  cellular 
differentiation.  A  convincing  experimental 
demonstration  of  an  embryogenetic  role 
should  include:  (1)  demonstration  of  sub- 
strate-inducible  or  -repressible  enzymes  in 
embryonic  tissues;  (2)  demonstration  of 
sequentially  adaptive  pathways  in  embry- 
onic tissues;  and  (3)  experimental  modifi- 
cation of  differentiation  of  a  specific  tissue 
by  influencing  an  adaptive  pathway.  Fur- 
thermore, it  would  be  useful  to  know 
whether  the  characteristics  of  enzymatic 
adaptation  in  embryos  are  similar  to  those 
in  bacteria. 

For  several  reasons  the  above  require- 
ments pose  a  formidable  task.  It  must  be 
recognized,  first,  that  most  work  on  en- 
zymatic adaptation  in  bacteria  has  been 
carried  out  using  rigorously  selected  strains 
— strains  that  usually  give  an  all-or-none 
response  under  defined  experimental  con- 
ditions. The  majority  of  bacterial  mutants 
and,  presumably,  higher  animals  do  not 
show  such  clear  responses;  they  are  "leaky" 
mutants.  Second,  enzymes  concerned  with 
differentiation  probably  will  be  those  in- 
volved in  the  manufacture  of  ribonucleic 
acid  enzyme-forming  systems  and  struc- 


tural proteins,  classes  of  catalysts  that  are 
poorly  understood  and  in  which  adaptation 
has  not  been  demonstrated. 

During  the  past  year  these  intriguing 
questions  have  occupied  two  Fellows  of  the 
Carnegie  Institution  of  Washington,  Dr. 
Yoshihiro  Kato,  in  the  Department  of  Em- 
bryology, and  Dr.  Fred  H.  Wilt,  whose 
studies  have  been  carried  out  in  the  Labora- 
toire  d'Embryologie  Experimentale  de  Col- 
lege de  France,  through  the  generous  co- 
operation of  Professor  Etienne  WolfT. 

Adaptation  of  the  Chic\  Embryo  to 
Growth  on  Galactose,  in  Vitro 

Spratt  has  shown  that  differentiation  and 
morphogenesis  of  the  early  chick  embryo, 
from  early  primitive  streak  to  flexion  and 
torsion  stages,  is  complete  when  the  em- 
bryo is  cultivated  in  vitro  on  a  medium 
consisting  of  buffered  Ringer's  solution  and 
carbohydrate;  the  following  carbohydrates 
are  effective:  glucose,  mannose,  fructose, 
and  galactose.  The  cultivation  of  the  em- 
bryo on  any  of  these  sugars  does  not  in 
any  way  change  the  character  of  differentia- 
tion, although  the  embryo  does  not  grow 
appreciably.  Spratt's  work  seemed  to  pre- 
sent an  excellent  basis  for  investigating  en- 
zymatic adaptation  to  galactose  under  con- 
ditions that  could  be  controlled  rigorously. 
Several  preliminary  questions  concerning 
the  relevance  of  enzymatic  adaptation  to 
differentiation  can  be  posed  using  this  ex- 
perimental system.  Does  cultivation  on 
galactose  induce  or  repress  galactose-me- 
tabolizing  enzymes?  Is  the  induction  or 
repression  sequential  ?  How  does  this  adap- 
tation compare  with  the  same  process  in 
microorganisms  ?  Dr.  Wilt  has  undertaken 
to  try  to  answer  some  of  these  questions. 

Embryos  have  been  cultivated,  in  vitro, 
by  the  watchglass  technique  of  Fell  and 
Robison  as  modified  by  Spratt,  on  buffered 
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chick  Ringer's  solution  containing  0.7  per 
cent  NaCl  and  a  sugar.  When  glucose  was 
used,  its  concentration  was  40  to  50  mg  per 
cent;  for  galactose,  the  concentration  was 
usually  800  mg  per  cent.  Only  the  area 
pellucida  was  cultured,  usually  for  a  period 
of  20  to  24  hours.  The  stage  of  the  blasto- 
derms at  the  time  of  explantation  ranged 
from  definitive  primitive  streak  to  12 
somites,  depending  on  the  experiment. 
This  preliminary  report  is  based  on  studies 
of  cultures  of  more  than  2000  embryos  and 
enzyme  determinations  carried  out  on 
about  1800  embryos. 

A  few  embryos  were  fixed,  after  cultiva- 
tion for  24  hours  on  various  media,  in  10 
per  cent  neutral  formalin,  sectioned  at 
10  microns,  and  stained  with  hematoxylin 
and  eosin. 

Although  various  methods  of  enzyme  ex- 
traction and  assay  were  tried,  the  following 
procedure  has  proved  to  be  most  reliable. 
After  20  to  24  hours  in  vitro  at  37  °C,  or 
after  excision  of  the  embryo  from  the  egg 
and  removal  of  the  area  opaca,  embryos  are 
rinsed  in  cold  Ringer's  solution.  Twenty 
to  forty  embryos  are  placed  in  a  small 
glass-in-glass  homogenizer;  after  excess 
saline  is  removed,  embryos  are  homoge- 
nized thoroughly  with  1.0  ml  of  distilled 
water.  This  operation  and  all  subsequent 
procedures  are  carried  out  at  4°C,  until  the 
enzyme  is  assayed.  The  homogenate  is 
diluted  with  an  additional  1.0  ml  of  water 
and  dialyzed  for  24  hours  against  three 
changes  (1  liter)  of  0.01  M  phosphate  buf- 
fer, pH  7.2.  After  dialysis,  a  0.05-ml  ali- 
quot containing  40  to  100  ug  of  protein  is 
removed  and  used  for  protein  determina- 
tion by  the  method  of  Lowry. 

Galactokinase  phosphorylates  galactose 
by  transfer  of  a  phosphoryl  group  from 
adenosine  triphosphate  to  the  first  carbon 
of  galactose.  It  may  be  assayed  conven- 
iently by  following  the  disappearance  of 
reducing  sugar  after  precipitation  of  the 
galactose-1-phosphate  with  barium.  Deter- 
minations of  galactokinase  from  blasto- 
derms are  carried  out  on  0.5  to  1.0  ml  of 


dialyzed  extract  in  a  mixture  containing 
20  uM  potassium  phosphate  buffer  (pH 
7.2),  20  uM  of  magnesium  sulfate,  10  uM 
of  adenosine  triphosphate,  15  ug  of  galac- 
tose, and  water  to  a  volume  of  1.5  to  2.0  ml. 
Complete  reaction  mixtures  containing 
blastoderm  homogenate  heated  at  100  °C 
for  3  minutes  are  used  as  controls.  A  known 
source  of  active  galactokinase,  dialyzed 
supernatant  of  centrifuged,  hemolyzed  hu- 
man erythrocytes,  is  used  to  standardize 
procedures.  Galactose  standards  in  the 
complete  reaction  mixture  are  always  run 
in  duplicate  with  the  enzyme  assay.  After  3 
to  6  hours  of  incubation  at  37  °C,  the  reac- 
tion is  stopped,  the  mixtures  are  deprotein- 
ized,  and  hexose  phosphate  is  precipitated 
by  the  addition  of  1.0  ml  of  0.3  N  barium 
hydroxide  and  1.0  ml  of  5  per  cent  zinc  sul- 
fate. After  centrifugation  the  clear  super- 
natant is  analyzed  for  reducing  carbohy- 
drate by  a  micro  modification  of  Nelson's 
arsenomolybdate  method.  All  colorimetric 
determinations  are  carried  out  on  a 
Meunier  colorimeter  using  filter  number 
72. 

The  d  +  galactose  used  in  these  studies 
was  obtained  from  either  Societe  Prolabo 
(Paris)  or  E.  Merck  (West  Germany). 
Galactose  was  purified  for  some  experi- 
ments by  the  method  of  Stephenson  and 
Yudkin,  then  recrystallized  three  times 
from  70  per  cent  ethyl  alcohol. 

The  suitability  of  galactose  for  the  suc- 
cessful cultivation  of  blastoderms.  Blasto- 
derms older  than  4  somites  at  explantation, 
cultivated  on  commercial  galactose  for  24 
hours,  generally  develop  as  described  by 
Spratt.  Normal  morphogenesis  continues, 
resulting  in  the  formation  of  somites, 
neural  tube,  brain,  and  heart.  Beating 
hearts  are  observed  rarely.  The  optimal 
galactose  concentration  was  800  mg  per 
cent,  a  higher  concentration  than  found 
necessary  by  Spratt.  Cultivation  of  embryos 
on  glucose  always  results  in  near-perfect 
development,  and  cultivation  of  embryos 
on  a  medium  without  sugar  always  leads 
to  degeneration  and  cell  death  within  a 
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few  hours.  If  blastoderms  are  explanted  to 
galactose  before  they  have  acquired  2  to 
4  somites,  however,  further  development  is 
very  poor;  after  24  hours  in  vitro  the  blasto- 
derm usually  is  a  disorganized  round  mass, 
sometimes  with  a  suggestion  of  axial  struc- 
tures. The  general  appearance  of  embryos 
grown  on  galactose  is  never  as  good  as  that 
of  embryos  grown  on  40  mg  per  cent  glu- 
cose. During  the  first  6  to  10  hours  in 
vitro  the  appearance  of  blastoderms  cul- 
tured on  glucose  and  galactose  is  compa- 
rable, but  when  the  embryos  on  galactose 
are  arrested,  they  become  disorganized  and 
may  show  signs  of  degeneration,  depending 
on  their  age  at  the  time  of  explantation. 

Moreover,  when  purified  and  recrystal- 
lized  galactose  (commercial  galactose  may 
contain  5  per  cent  or  more  glucose)  is  used 
in  the  culture  medium,  explantation  to 
galactose  invariably  results  in  a  poor  ap- 
pearance after  24  hours  in  vitro,  regardless 
of  the  stage  of  development  at  the  time  of 
explantation.  Although  many  living  cells 
are  present,  further  differentiation  is  poor. 
Explants  less  than  4  somites  old  at  ex- 
plantation  appear  normal  for  6  to  8  hours, 
then  lose  recognizable  landmarks  and  be- 
come a  rounded  mass  of  cells.  Explanta- 
tion at  older  stages  of  development  results 
in  developmental  arrest  after  6  to  12  hours 
in  vitro,  and  then  the  outlines  of  major 
axial  structures  become  fuzzy  and  indis- 
tinct. 

Histology  of  embryos  after  cultivation  on 
galactose.  The  blastoderm  cultured  on 
galactose  for  24  hours  presents  a  histologi- 
cal picture  that  corresponds  quite  closely  to 
its  external  condition.  The  younger  the 
embryo  at  time  of  explantation,  the  more 
striking  the  lack  of  organization  and  the 
presence  of  degeneration.  A  pattern  of  de- 
generation is  evident  in  blastoderms  ex- 
planted  after  attaining  4  somites  and  cul- 
tured for  24  hours  on  recrystallized  galac- 
tose. This  pattern  is  less  strikingly  evident 
after  culture  on  commercial  galactose. 
Many  living  cells  persist  in  all  parts  of  the 
embryo,  but  areas  of  degeneration  and  cell 


death  are  apparent,  being  most  prevalent 
in  newly  formed  structures.  For  example, 
somites  formed  before  explantation  appear 
healthier  than  those  forming  in  culture. 
Axial  structures  always  appear  to  have  de- 
generated more  than  lateral  ones.  Es- 
pecially striking  is  the  contrast  between  al- 
most total  disorganization  and  extensive 
death  of  newly  forming  somites  and  mes- 
enchyme and  the  healthy  appearance  of 
endoderm  and  ectodermal  epithelium.  The 
neural  tube  occupies  an  intermediate  status 
between  epithelium  and  mesoderm.  The 
pattern  of  degeneration  is  probably  related 
to  the  amount  of  endogenous  nutrient  re- 
serves present  in  the  cells  of  different  layers 
and  to  the  energy  demands  and  the  level  of 
enzymes  able  to  utilize  galactose  of  the  cells 
of  different  prospective  tissue  types.  The 
last  possibility  can  be  evaluated  with  suit- 
able micro  methods  of  enzyme  determina- 
tion. 

If  embryos  are  cultured  on  mixtures  of 
40  mg  per  cent  glucose  and  800  mg  per  cent 
galactose,  development  is  exactly  the  same 
as  on  glucose  alone,  making  it  unlikely 
that  toxic  products  from  purification  pro- 
cedures have  coprecipitated  with  the  galac- 
tose during  recrystallization. 

Galactokjnase  of  the  chic\  blastoderm. 
Although  the  conditions  used  for  the  en- 
zyme assay  may  not  be  optimal,  disappear- 
ance of  free  galactose  under  the  specified 
conditions  is  proportional  to  the  total  pro- 
tein in  aliquots  of  any  one  extract  (pro- 
vided the  area  opaca  was  removed  previ- 
ously) and  proportional  to  the  time  of  in- 
cubation up  to  8  to  12  hours.  Comparative 
evaluations  can  be  made  even  though  the 
absolute  enzyme  levels  may  have  different 
values  when  evaluated  by  improved  meth- 
ods. 

A  factor  exists  in  dialyzed  blastoderm 
homogenates  which  converts  galactose  to  a 
barium-precipitable  compound  in  the  pres- 
ence of  adenosine  triphosphate  and  mag- 
nesium. The  factor  is  nondialyzable,  heat 
labile,  and  labile  to  barium  and  zinc.  It  is 
stable  to  freezing  before  but  not  after  di- 
alysis, although  storage  of  whole  blasto- 


DEPARTMENT  OF  EMBRYOLOGY 


385 


derms  for  more  than  3  months  at  —  20  °C 
will  result  in  some  loss  of  activity.  For 
our  present  purposes  this  factor  will  be 
called  galactokinase. 

At  the  definitive  primitive  streak  stage 
the  specific  enzyme  activity  ranges  from 
1.6  to  2.0  ug  galactose/mg  protein/3  hr. 
The  activity  rises  sharply  to  a  little  over 
twice  this  value  by  the  time  the  embryo  has 
acquired  2  to  4  somites,  ranging  from  about 
3.5  to  4.5  ug  galactose/mg  protein/3  hr. 
Enzyme  determinations  of  embryos  with 


fore  having  reached  this  stage,  however,  the 
increase  in  activity  is  not  observed.  In  fact, 
enzyme  levels  in  younger  embryos  cul- 
tivated on  galactose  may  actually  be  lower 
than  in  embryos  on  glucose.  If  this  observa- 
tion is  substantiated  in  future  experiments, 
it  may  warrant  closer  examination.  If  ex- 
tracts of  embryos  cultured  on  glucose  and 
galactose  are  mixed,  the  total  activity  is  the 
sum  of  the  two  separate  enzyme  activities. 
Dr.  Wilt  emphasizes  that  the  results  are 
preliminary.    More  experiments  must  be 


TABLE  5.     Influence  of  Galactose  on  Galactokinase  Activity  in  the  Early  Chick 

Embryo,  in  Vitro 


Experiment 


Stage  at  Explantation 


Sugar  Used  in  Culture 


Enzyme  Activity, 

\xg  galactose/mg 

protein  /3  hr 


3/2 
19/2 

22/2 

26/2 

3/3 

26/3 


2-4  somites 
2-4  somites 

4-8  somites 
4-8  somites 

Head  fold,  3  somites 
3-6  somites 

6-12  somites 
6-12  somites 

Head  process,  head  fold 
2-6  somites 
2-6  somites 

Head  process,  head  fold 
2-8  somites 


Glucose 
Galactose 

3.51 
5.19 

Glucose 
Galactose 

3.29 
4.10 

Glucose 
Galactose 

4.58 
5.78 

Glucose 
Galactose 

3.70 
4.80 

Galactose 

Glucose 

Glucose  4-  galactose 

3.85 
5.39 
3.71 

Galactose 
Glucose 

4.35 
5.60 

8  to  15  somites  fall  within  the  same  range 
of  values.  Injection  of  25  mg  of  galactose 
into  the  air  sac  of  eggs  after  12  hours  of 
incubation  does  not  affect  enzyme  levels  of 
the  embryos  appreciably  when  the  enzyme 
activity  is  examined  after  36  hours  of  incu- 
bation. Table  5  presents  selected  samples 
of  the  findings  after  cultivating  whole 
blastoderms  in  vitro  for  20  to  24  hours. 
These  experiments  are  typical,  having  been 
chosen  because  the  variation  between  du- 
plicate galactose  standards  did  not  exceed  7 
per  cent.  If  the  blastoderms  have  acquired 
2  to  4  somites  by  the  time  of  explantation, 
cultivation  on  galactose  results  in  a  slightly 
higher  enzyme  level  than  cultivation  on 
glucose.  If  the  embryos  are  explanted  be- 


done  before  significance  can  be  attached  to 
the  25  to  30  per  cent  rise  in  enzyme  activity 
after  culture  on  galactose. 

What  tentative  conclusions  may  be 
drawn?  First,  purified  galactose  is  not  an 
effective  substrate  for  supporting  normal 
development  of  the  early  chick  blastoderm 
in  vitro,  although  endogenous  reserves,  and 
perhaps  glucose  contaminants  in  commer- 
cial galactose,  will  permit  organized  mor- 
phogenesis for  a  time.  Second,  an  enzyme 
capable  of  metabolizing  galactose  is  pres- 
ent in  the  chick  blastoderm;  its  activity  ap- 
parently increases  during  the  time  when 
regression  of  the  primitive  streak  begins. 
The  enzyme  levels  are  low,  apparently  so 
low  that  galactose  is  not  an  effective  source 
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of  carbon.  On  the  basis  of  histological  evi- 
dence it  might  be  suggested  that  the  spe- 
cific activity  of  the  enzyme  varies  from 
tissue  to  tissue.  Whether  this  enzyme  is  a 
true  galactokinase  or  whether  it  is  only 
a  hexose  kinase  of  a  low  order  of  specificity 
cannot  be  stated  as  yet.  Third,  preliminary 
experiments  support  the  thesis  that  cultiva- 
tion on  galactose  after  the  2-  to  4-somite 
stage  results  in  a  25  to  30  per  cent  increase 
in  specific  activity  of  the  enzyme  compared 
with  enzyme  levels  in  embryos  cultivated 
on  glucose. 

Adaptation  to  galactose  does  not  in- 
duce striking  changes  in  enzyme  levels; 
the  situation  seems  like  that  in  "leaky" 
bacterial  mutants.  Further  progress  on  en- 
zyme induction  and  repression  in  this 
system  awaits  the  introduction  of  more 
specific  and  sensitive  methods  of  enzyme 
assay,  a  requirement  that  the  use  of  radio- 
active galactose  can  satisfy  easily.  How- 
ever, the  biological  interest  of  this  system 
appears  limited,  especially  since  purified 
galactose  is  a  poor  source  of  carbon  for  the 
development  of  the  chick  blastoderm  in 
vitro. 

A  Study  of  Enzyme  Induction  in 

Dissociated  Embryonic  Cells  of 

Rana  pipiens  Embryos 

In  Year  Book  59  (pp.  399-400,  406-407) 
it  was  emphasized  that,  if  ribonucleic  acid 
(RNA)  and  RNA-protein  are  to  be  shown 
to  have  a  direct  and  indispensable  function 
in  embryogenesis,  an  experiment  designed 
to  show  their  specific  role  in  the  synthesis 
of  an  enzyme  should  be  meaningful,  be- 
yond a  mere  representation  of  a  parallelism 
between  the  quantity  of  RNA  and  the  en- 
zyme activity  in  embryos.  One  means  of 
approaching  the  problem  is  to  test  the 
transferability  of  an  enzyme-forming  sys- 
tem from  cells  induced  to  form  a  specific 
enzyme  to  noninduced  cells  by  RNA  ex- 
tracted from  the  former.  Dr.  Yoshihiro 
Kato  has  undertaken  a  series  of  experi- 
ments leading  to  studies  of  "recombina- 
tion" at  the  molecular  level. 


At  least  in  microorganisms,  attempts 
along  this  line  have  brought  fruitful  re- 
sults. Kramer  and  Straub,  for  example, 
have  demonstrated  that  penicillinase-form- 
ing  capacity  can  be  transferred  from  the 
induced  to  the  noninduced  cells  of  B. 
cereus  by  means  of  RNA  fractions  even  in 
the  absence  of  the  inducer.  After  searching 
for  an  embryological  system  in  which  the 
microbiological  techniques  might  be  ap- 
plied, Dr.  Kato  elected  the  system  de- 
scribed by  Stearns  and  Kostellow — enzyme 
induction  in  dissociated  embryonic  cells  of 
Rana  pipiens. 

Three  features  of  this  system  appeared 
to  be  noteworthy:  (1)  The  activities  of 
tryptophan  peroxidase  (tryptophan  pyrro- 
lase),  formylase,  and  (3-galactosidase  can  be 
induced  precociously  in  cultures  of  disso- 
ciated embryonic  cells  well  in  advance  of 
the  time  when  the  spontaneous  enzyme  ac- 
tivities can  be  detected  in  normal  embryos. 
(2)  Preliminary  evidence  has  shown  that 
sequential  induction  of  formylase  occurs  in 
the  tryptophan  pyrrolase  induction  system 
upon  the  addition  of  L-tryptophan  to  the 
culture  medium.  (3)  In  the  tryptophan 
pyrrolase  system,  there  is  a  progressive  re- 
striction of  the  capacity  of  enzyme  induc- 
tion during  gastrulation. 

If  these  findings  are  correct,  they  are 
highly  significant;  moreover,  for  the  pur- 
pose of  testing  the  transferability  of  en- 
zyme-inducing capacity,  the  system  pre- 
sents an  attractive  experimental  target. 
RNA  extracted  from  the  induced  cells 
could  be  applied  directly  to  the  noninduced 
cells. 

Unfortunately  this  goal  has  not  been 
realized  because  the  basic  findings  of 
Stearns  and  Kostellow  have  not  been  veri- 
fied. In  view  of  the  far-reaching  implica- 
tions of  the  earlier  work,  these  negative 
findings  are  offered  with  some  hesitancy; 
the  potential  significance  of  the  system, 
however,  requires  that  the  evidence  be  pre- 
sented, in  the  hope  that  it  will  lead  to 
clarification  through  further  discussion  and 
experimentation . 
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The  activities  of  tryptophan  pyrrolase 
(L-tryptophan  as  substrate)  and  of  formy- 
lase  (formylkynurenine  as  substrate)  are 
determined  on  whole  homogenates  by  the 
technique  of  Knox  and  Mehler,  kynurenine 
being  measured.  It  should  be  emphasized 
that  the  addition  of  a  rat-liver  formylase 
preparation  in  excess  to  the  reaction  me- 
dium for  tryptophan  pyrrolase  makes  it 
possible  to  determine  the  enzyme  activity 
in  the  absence  of  formylase.  Histidase  ac- 
tivities (histidine  monohydrochloride  as 
substrate)  are  determined  on  whole  ho- 
mogenates by  measuring  urocanic  acid  in 
the  reaction  fluids  (method  of  Tabor  and 
Mehler)  after  the  appropriate  deproteiniza- 
tion.  The  determination  of  the  liberated 
O-nitrophenol  from  0-nitrophenyl-|3-D-ga- 
lactopyranoside  (O-niphegal)  is  the  basis 
of  the  determination  of  3-galactosidase  ac- 
tivity in  an  aliquot  of  the  sample.  The  ex- 
isting techniques  have  been  modified  so 
that  micro  absorption  cells  (50  \x\,  Lowry 
and  Bessey)  can  be  used  without  loss  of 
sensitivity  and  accuracy.  The  usual  criteria 
of  the  proportionality  of  the  reaction  rate 
against  enzyme  concentration  or  incuba- 
tion period  were  achieved,  the  optimal 
conditions  for  the  enzyme  assays  being 
checked  either  in  adult  frog  liver  or  in 
whole  embryos.  The  protein  concentration 
of  each  sample  is  determined. 

In  the  initial  studies,  the  distribution 
and  the  inducibility  of  the  enzymes  were 
checked  in  adult  frogs,  the  enzyme  activi- 
ties being  followed  also  in  the  early  stages 
of  development.  When  enzyme  induction 
was  attempted  in  the  adult  frog  liver  by 
means  of  injections  of  the  appropriate  sub- 
strates, only  tryptophan  pyrrolase  activities 
in  the  liver  were  elevated  more  than  three 
times  within  5  to  6  hours  after  the  injection 
of  approximately  40  mg  of  L-tryptophan 
(9  controls  and  9  experimental) .  No  evi- 
dence of  sequential  induction  of  formylase 
was  obtained  in  the  same  samples.  The  de- 
velopment of  the  enzymes  during  the  early 
embryonic  stages  was  followed  from  the 
unfertilized  egg  (stage  1,  Shumway)  to  the 


neural-tube  stage  (stage  16).  Tryptophan 
pyrrolase  and  formylase  activities  could 
not  be  detected  throughout  the  stages 
tested.  Traces  of  histidase  were  detected 
during  formation  of  the  neural  folds.  Defi- 
nite 3-galactosidase  activities  were  found 
throughout  the  early  embryonic  stages 
studied.  This  observation  makes  the  "pre- 
cocious induction"  of  3-galactosidase  stated 
by  the  previous  researchers  very  unlikely. 

In  an  attempt  to  induce  the  enzyme  ac- 
tivities in  the  cultured  embryonic  cells,  all 
cultures  were  kept  at  21  °C,  operations  be- 
ing performed  at  23  °C  under  strict  aseptic 
conditions  after  the  process  of  dejellying. 
The  use  of  antibiotics  was  avoided,  as  in 
the  cultures  of  Stearns  and  Kostellow.  The 
following  approaches  were  taken : 

1.  Six  series  of  dissociated  cell  cultures 
were  prepared  from  early  and  late  gastrulae 
following  the  procedure  of  Stearns  exactly, 
and  were  cultured  in  Stearns'  conditioned 
medium  (with  human  serum  albumin), 
with  and  without  0.01  M  of  the  appropriate 
substrates.  Tryptophan  pyrrolase,  formy- 
lase, and  histidase  activities  were  deter- 
mined in  the  cultures  from  early  gastrulae, 
3-galactosidase  in  cells  cultured  from  late 
gastrulae.  Enzyme  determinations  were 
made  every  2  or  4  hours  up  to  24  hours. 
No  sign  of  enzyme  induction  was  noted  in 
any  of  the  four  enzymes  tested. 

2.  Since  Stearns'  procedure  for  dejellying 
(treatment  with  10  per  cent  Ringer's  solu- 
tion containing  2.5  per  cent  sodium  thio- 
glycolate  and  0.1  per  cent  trypsin;  p¥L  8.25) 
was  found  to  have  drastic  effects  on  normal 
development,  the  procedures  of  Barth  and 
Barth  for  the  preparation  and  the  cultiva- 
tion of  dissociated  R.  pipiens  embryonic 
cells  were  used  in  the  principal  experi- 
ments. Fifteen  to  thirty  eggs  were  de jellied 
by  two  pairs  of  watchmaker's  forceps,  dis- 
sociated, and  cultured  in  small  culture 
dishes  with  agar-coated  bottoms  containing 
Barth  and  Barth's  complete  conditioned 
medium  with  and  without  the  appropriate 
inducers.    The  results  are   shown  in  ta- 
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ble  6.    Again  no  enzyme  induction  was 
noted. 

3.  Dejellied  but  not  dissociated  pregas- 
trulae  were  hemisected  through  the  animal 
hemisphere  and  turned  inside  out.  Three 
series  of  these  "exposed"  explants  were  cul- 
tured in  Barth  and  Barth's  medium  with 
and  without  0.01  M  L-tryptophan  for  24 


induced  precociously.  The  study  reported 
by  Stearns  and  Kostellow,  therefore,  is  an 
important  exception,  which  the  present 
study  does  not  seem  to  support. 

The  exact  cause  for  the  failure  of  Kato's 
experiments  to  confirm  their  findings  re- 
mains problematical.  It  is  difficult  to  cul- 
ture amphibian  embryonic  cells  under  the 


TABLE  6.     Influence  of  Inductors  on  Enzyme  Activities  in  Dissociated  Embryonic  Cells 
(Rana  pipiens)  Cultured  in  Barth  and  Barth's  Medium 


Enzyme  Activity  * 

Enzyme 

Inducer  Added 
to  Culture 

Time  of  Cultivation 

J 

Ohr 

12  hr 

24  hrf 

No. 

No. 

No. 

Tryptophan 

Control  intact 

pyrrolase 

embryo  (stage  10) 

10 

None  (<  0.02)  X 

10 

None  (<  0.03) 

10 

None  (<  0.02) 

None 

10 

None  (<  0.06) 

10 

None  (<  0.04) 

0.01  M  L-tryptophan 

10 

None  (<  0.09) 

10 

None  (<  0.03) 

Formylase 

Control  intact 

embryo  (stage  10) 

10 

None  (  <  0.02) 

10 

None  (<  0.05) 

10 

None  (  <  0.02) 

None 

10 

None  (<  0.16) 

10 

None  (<  0.02) 

0.01  M  L-tryptophan 

10 

None  (<  0.30) 

10 

None  (<  0.05) 

Histidase 

Control  intact 

embryo  (stage  9  +  ) 

9 

None  (<  0.01) 

9 

None  (<  0.15) 

7 

1.39 

None 

9 

None  (<  0.08) 

7 

1.83 

0.01  M  L-histidine 

9 

None  (<  0.01) 

7 

1.22 

(3-Galacto- 

Control  intact 

sidase 

embryo  (stage  12) 

9 

50.9 

8 

45.1 

7 

47.7 

None 

8 

43.8 

7 

44.8 

0.01  M  O-niphegal 

8 

44.5 

7 

42.8 

0.01  M  D-melibiose 

8 

45.9 

7 

50.5 

0.01  M  D-lactose 

8 

48.9 

7 

44.3 

#  Micromoles  of  the  corresponding  end  products  liberated  per  gram  protein  per  hour  (at  37°C). 
t  Histidase  activities  were  determined  at  26  hours. 

X  Figures  in  parentheses  are  the  actual  average  values  obtained  and  are  within  the  range  of  errors 
of  enzyme  determinations. 


hours;  tryptophan  pyrrolase  and  formylase 
were  not  induced. 

All  three  types  of  cultures  appeared  nor- 
mal during  the  48-hour  period  of  cultiva- 
tion. The  consistent  negative  results  make 
the  possibility  of  enzyme  induction  in  the 
dissociated  cells  very  unlikely. 

A  number  of  enzymes,  including  trypto- 
phan pyrrolase  in  the  liver  of  several  ani- 
mals, have  been  found  by  others  to  become 
inducible  only  at  the  same  time  or  after 
the  spontaneous  appearance  of  the  enzymes 
during  development.   They  have  not  been 


conditions  described  completely  free  from 
a  small  number  of  bacteria;  bacterial  con- 
tamination might  seriously  affect  the  out- 
come of  this  sort  of  experiment.  At  least 
in  the  case  of  histidase,  Kato  has  obtained 
evidence  suggesting  that  even  small  popu- 
lations of  bacteria  can  significantly  increase 
enzyme  activities  upon  the  addition  of  the 
inducer  to  the  cultures,  yet  these  bacteria 
have  no  noticeable  effects  on  the  develop- 
ment of  the  cultured  cells.  The  many  vari- 
ables in  such  culture  techniques  should  be 
emphasized.  In  view  of  the  significant  and 
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the  far-reaching  nature  of  the  previous  re- 
port, it  remains  desirable  to  repeat  the  ex- 
periments, bearing  in  mind  the  cautions 
raised  by  the  present  study. 

Owing  to  the  difficulties  encountered 
with  the  system,  however,  the  idea  of  test- 
ing the  transferability  of  enzyme-forming 
mechanisms  in  embryonic  cells  by  RNA 


will  be  examined  from  a  different  point  of 
view.  Embryonic  induction  has  been 
chosen  as  the  biological  system,  with  zone 
electrophoresis  in  starch  gel  furnishing  a 
tool  for  detecting  the  enzyme,  drawing  on 
the  experience  of  Professor  C.  L.  Markert. 
Progress  has  been  made,  but  further  com- 
ment is  reserved  for  a  future  report. 


THE  ACQUISITION  OF  BIOLOGICAL  SPECIFICITY 


An  Immunochemical  Analysis  of  Nucleic 
Acid  Specificity 

John  R.  Coleman,  Predoctoral  Fellow  of 
the  National  Cancer  Institute,  has  con- 
tinued his  study  of  the  antigenicity  of 
deoxyribose  nucleic  acid  (DNA)  and  nu- 
cleoprotein  (DNA-P).  It  is  pertinent  to 
discuss  Mr.  Coleman's  program  at  this 
point,  for  it  forms  a  natural  "bridge"  be- 
tween our  consideration  of  induced  en- 
zymogenesis  on  the  one  hand  and  of  anti- 
body formation  on  the  other. 

Despite  the  use  of  various  preparative 
procedures,  no  demonstrable  precipitating 
antibodies  against  DNA  have  yet  been 
obtained,  thus  adding  to  the  long  list  of 
negative  or  nearly  negative  findings  by 
many  students  of  the  immunochemistry  of 
nucleic  acids.  Is  this  poor  antigenicity  due 
to  the  presence  or  induction  of  nucleases  in 
serum?  Most,  if  not  all,  higher  animals 
have  serum  nucleases  of  activity  high 
enough  to  be  detected  directly  in  unfrac- 
tionated  serum.  Hence,  DNA  injected  into 
rabbits  a  few  milligrams  at  a  time  might 
be  broken  down  in  a  matter  of  a  few  hours 
and  never  reach  the  site  of  antibody  pro- 
duction. 

Does  the  injected  DNA  or  DNA-histone 
affect  the  level  of  DNAase  in  the  serum? 
Sera  were  analyzed  for  DNAase  activity 
by  the  colorimetric  determination  of  acid- 
soluble  deoxypentose  compounds  in  the 
course  of  enzyme  action.  Substrate  was 
prepared  in  a  concentration  of  1  mg/ml 
in  0.1  M  tris  buffer,  pH  7.5,  and  brought  to 
3.3  mM  Mg++.  At  zero  time,  1.0  ml  of  this 
substrate  mixture  was  mixed  with  0.5  ml  of 
undiluted  serum  and  incubated  at  37  °C. 


At  1-hour  intervals,  0.5  ml  of  ice-cold  3.0  M 
trichloroacetic  acid  was  added;  the  tubes 
were  mixed  and  allowed  to  stand  in  an  ice 
bath  for  15  minutes.  The  acid-insoluble 
material  was  removed  by  centrifugation, 
and  the  amount  of  deoxyribose  present  in 
the  supernatant  was  determined  by  the 
diphenylamine  reaction.  One  enzyme  unit 
is  defined  as  the  amount  of  enzyme  that  re- 
leases 1  ug  of  deoxyribose  from  DNA  in 
1  hour.  Incubation  was  carried  on  for  3 
hours.  Unless  stated  otherwise,  activities 
given  below  are  3-hour  values. 

Sera  collected  after  DNA-P  injections  in 
the  hope  of  finding  antibodies  against 
DNA  were  assayed  for  DNAase  activity. 
Considerable  individual  variation  was  en- 
countered, and  the  levels  of  activity  did  not 
follow  any  discernible  pattern.  This  result 
was  not  surprising,  since  the  bleedings  for 
antibodies  were  made  5  days  or  more  after 
the  last  injection  and  any  effect  on  enzyme 
activity  would  probably  have  disappeared 
by  then.  Preliminary  experiments  indi- 
cated that  bleeding  and  DNA  injection 
(1  mg  per  rabbit)  were  followed  by  a  vari- 
able increase  in  enzyme  activity  within 
18  to  20  hours. 

Zahn  et  al.  have  reported  a  10-  to  15-fold 
increase  in  DNAase  activity  when  rabbits 
were  given  a  series  of  seven  daily  injections 
totaling  78  mg  DNA/kg  body  weight.  If 
the  finding  is  verified,  this  example  of  en- 
zyme induction  in  higher  animals  might 
be  significant  to  the  antigenicity  of  nucleic 
acids;  it  was  decided,  therefore,  to  repeat 
the  experiment  of  Zahn  et  al.  as  exactly 
as  could  be  determined  from  their  brief 
article. 
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A  0.2  per  cent  solution  of  DNA  (Cali- 
fornia Corporation  for  Biochemical  Re- 
search) in  physiological  saline  buffered  at 
pYL  7.5  was  prepared  and  administered  in 
seven  daily  doses  of  17  ml  per  dose  via  the 
ear  vein  to  a  total  dose  of  about  78  mg 
DNA/kg  body  weight.  Three  groups  of 
5  rabbits  each  were  studied:   (1)  17  ml  of 


DNA.  The  greatest  increase  found  in  any 
one  rabbit  is  less  than  4-fold,  and  this  rab- 
bit was  an  uninjected  control  (no.  25),  as 
opposed  to  a  15-fold  increase  in  the  experi- 
mental group  of  Zahn  et  al.  Reasons  for 
this  failure  of  confirmation  are  not  known. 
Although  the  conditions  of  Zahn  et  al. 
were  followed  as  closely  as  possible,  there 


TABLE  7. 

Units  of  Deoxyribonuclease  in   Rabbit  Serum  during  a  Series  of  Injections  * 

Rabbit 

Day 

No. 

0                   1                   2                   5                   7                  12                 14 

No  Injection 


21 
22 
23 
24 
25 
Average 


27 
28 
29 
30 
31 
Average 


32 
33 

34 

35 

36 

Average 


5.4 
4.6 
3.4 
3.1 
2.6 
3.8  ±1.6 


6.4 
4.9 
1.8 
2.2 
2.0 
3.5  ±2.9 


3.0 
7.2 
1.8 
2.3 
6.0 
4.1  ±3.1 


4.0 
4.5 
7.1 
6.5 
5.1 
5.4  ±1.7 


3.1 
3.0 
2.2 
3.4 
3.2 
3.0  ±  0.8 


1.2 

4.0 
2.7 
3.5 
7.2 
3.7  ±3.5 


5.5 
8.1 
4.1 
5.9 
5.0 
5.7  ±2.4 


5.7 
7.3 
8.7 
5.4 
9.9 
7.4  ±  2.5 


Saline  Injection 

7.0  4.0 

4.5  3.1 

1.8  3.1 


3.2 
4.1  ±2.9 


2.1 
3.1  ±  1.0 


DNA  Injection 


7.3 
8.1 
1.0 
2.6 
3.5 
4.5  ±  3.6 


3.4 
3.1 
2.4 
6.0 
2.2 
3.4  ±2.6 


3.6 
4.2 
3.5 
4.2 
5.1 
.1  ±  1.0 


4.0 
3.9 
3.5 

2.6 
3.5  ±  0.9 


3.6 
1.8 
1.2 
2.6 
2.1 
2.3  ±1. 


3.3 
3.6 
2.6 
2.5 
3.5 
.1  ±  0.6 


3.0 
2.2 
2.6 

2.2 
2.5  ±  0.5 


2.5 
1.8 
0.7 
3.2 
2.5 
,1±1.4 


6.4 
4.5 
2.9 
1.8 
3.2 
3.8  ±2.6 


4.0 
3.0 
1.5 

i.l 
2.4  ±1.6 


2.8 
3.0 
0.6 
1.9 
1.1 
1.9±1. 


*  One  unit  of  DNAase  is  the  amount  of  enzyme  that  catalyzes  the  release  of  1  ug  of  deoxyribose 
into  the  TCA  supernatant  in  1  hour.   For  details  of  the  injection  series  and  enzyme  assay  see  text 


and  figure  38. 

0.2  per  cent  DNA  per  day;  (2)  17  ml  of 
physiological  saline  per  day;  (3)  no  injec- 
tions. Bleedings  were  made  at  zero  time 
and  at  1,  2,  5,  7,  12,  and  14  days  after  the 
first  injection.  Approximately  15  to  20  ml 
of  blood  was  taken  at  each  bleeding.  The 
enzyme  determinations  were  made  in  du- 
plicate as  described  above. 

The  results  (table  7,  fig.  38)  are  quite 
variable,  but  at  most  they  may  indicate  that 
bleeding  alone  has  a  greater  effect  on 
DNAase  activity  than  bleeding  followed  by 
injection  of  either  saline   or  saline  plus 


are  several  potential  sources  of  difference: 
(1)  Zahn  et  al.  incubated  sera  for  24  hours 
in  their  assays  as  opposed  to  3  hours  in  the 
above  experiment;  (2)  Zahn  et  al.  give  no 
statement  of  the  number  of  animals  used 
in  their  experiment,  so  there  may  be  a  sta- 
tistical difference;  (3)  no  statement  is  made 
about  the  amount  of  blood  taken  per  bleed- 
ing, which  may  be  a  critical  factor;  (4) 
Zahn  et  al.  used  holothurian  sperm  DNA 
whereas  the  above  experiments  were  car- 
ried out  with  salmon  sperm  DNA. 
Sera  from  the  last  two  bleedings,  tested 
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for  ability  to  precipitate  with  DNA,  were 
found  to  be  negative. 

Whether  or  not  DNAase  is  inducible 
may  be  questionable,  but  its  constitutive 
presence  must  be  acknowledged  and  its 
potential  role  in  destruction  of  antigenicity 
of  DNA  must  be  considered  a  possibility. 
If  DNAase  does  play  such  a  role,  how  can 
it  be  thwarted?    Two  possibilities  present 

Serum    Deoxyribonuclease    Activity 

During    a  Series   of   Injections 

• •  Uninjected 

o  o  Saline   injected 

© o  DNA  injected 


(78  mg.  DNA/£  body  \ 
Injection  ""■    ' 


immui  a i a i    r 

I      2     3    4     5     6     7     8     9    10    II    12   13  14 
TIME(days) 

Fig.  38.  Rabbits  were  given  a  total  of  78  mg 
DNA /kg  body  weight  administered  intrave- 
nously in  7  doses  of  0.2  per  cent  DNA  in  0.15 
M  NaCl.  Controls  received  either  saline  only  or 
no  injection.  Except  for  the  saline  controls,  each 
point  represents  an  average  value  from  5  rabbits. 
One  of  the  5  saline  controls  died  during  the 
second  injection.  All  sera  were  assayed  in  dupli- 
cate. For  details  of  assay,  see  text. 

themselves:  (1)  an  occasional  individual 
may  lack  serum  DNAase;  (2)  it  may  be 
possible  to  protect  the  DNA  from  the  action 
of  the  enzyme  long  enough  for  it  to  reach 
the  primary  sites  of  antibody  formation. 

To  search  for  exceptional  rabbits  lacking 
DNAase  is  impracticable.  To  approach  the 
problem  from  the  opposite  direction  might 
be  more  fruitful;  i.e.,  are  there  any  cases  on 
record  of  individuals  that  produce  anti- 
bodies against  DNA,  and  do  such  indi- 
viduals lack  serum  DNAase?   There  have 


been  many  sporadic  reports,  such  as  that 
of  Phillips  et  ah,  but  they  have  not  been 
confirmed.  Deicher  et  ah,  among  others, 
have  described  a  serum  factor  present  in  a 
blood  disease  of  humans,  lupus  erythemato- 
sus, which  precipitates  quantitatively  with 
DNA.  One  sample  of  such  blood,  kindly 
provided  by  Mr.  Dieter  Gump,  was  assayed 
for  DNAase  activity.  DNAase  activity  was 
present  in  approximately  the  same  amount 
as  in  the  normal  human  serum  described 
by  Wroblewski  and  Bodansky,  yet  precipi- 
tation with  DNA  did  occur  under  proper 
conditions.  Hence,  even  though  lupus  pa- 
tients may  produce  an  anti-DNA,  it  is  not 
necessarily  the  absence  of  DNAase  that 
permits  it. 

If  DNAase  is  responsible  for  the  lack 
of  antigenicity  of  DNA,  it  might  be  pos- 
sible to  avoid  degradation  by  injecting 
DNA  surrounded  by  protein,  i.e.,  nuclei, 
instead  of  purified  DNA.  A  similar  pro- 
cedure using  broken  nuclei  was  carried 
out  by  Schechtman  and  Nishihara  with  in- 
conclusive but  provocative  results.  In  re- 
cent experiments  by  Coleman,  chicken  liver 
nuclei  were  isolated  and  washed  briefly  in 
physiological  saline-versene.  A  suspension 
was  prepared  containing  1  to  2  X  108  nu- 
clei/ml which  contained  3.4  mg  protein/ml 
and  1.5  mg  DNA/ml.  This  suspension  was 
injected  into  two  groups  of  3  rabbits  each: 
one  group  received  0.5  ml  intravenously 
every  other  day  for  14  days;  the  other  re- 
ceived 3.0  ml  intraperitoneally  on  the  same 
schedule.  The  rabbits  were  bled  at  5,  8,  and 
11  days  after  the  last  injection.  These  sera 
were  positive  in  very  low  titers  when 
tested  against  a  0.15  M  NaCl  extract  of  the 
nuclei  and  against  the  supernatant  of  the 
liver  homogenate  after  the  nuclei  had  been 
removed  by  centrifugation.  The  lowest 
protein  concentration  in  which  precipita- 
tion was  seen  was  217  ug/ml.  There  was 
no  striking  difference  between  the  two  dos- 
age groups.  Faint  bands  appeared  when 
sera  were  tested  by  agar  diffusion,  and  they 
appeared  to  be  continuous  between  the  cells 
containing  the  homogenate  and  those  con- 
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taining  nuclear  extracts.  The  bands  were 
Feulgen  negative. 

DNA-P  was  prepared  by  the  low-ionic- 
strength  procedure  of  Zubay  and  Doty  and 
tested  against  portions  of  the  above  sera 
which  had  been  dialyzed  against  0.7  mM 
phosphate  buffer,  pH  6.8.  Again,  the  reac- 
tion was  very  weak,  the  lowest  definitive 
positive  result  occurring  at  200  [ig  DNA-P/ 
ml.  It  should  be  mentioned  that  positive 
results  have  been  obtained  with  lupus 
serum  at  a  DNA  concentration  as  low  as 
2  to  4  ug/ml,  DNA-P  giving  comparable 
results.  The  above  rabbit  sera  have  not  yet 
been  tested  against  DNA,  but  the  poor  re- 
sults with  DNA-P  leave  little  to  hope  for. 

It  is  probable  from  these  experiments  and 
those  of  other  workers  that,  except  in  lupus, 
precipitating  antibodies  against  DNA,  if 
produced  at  all,  are  produced  in  amounts 
too  small  to  be  very  useful.  Could  DNA 
provoke  the  formation  of  an  antibody 
which  does  not  precipitate  with  DNA,  i.e., 
a  so-called  uni-  or  monovalent  antibody? 
Two  lines  of  experiments  are  at  present 
being  pursued  to  investigate  this  possi- 
bility: (1)  an  inhibition  test  with  lupus 
serum;  (2)  effects  of  antisera  on  chick 
embryo  cultures. 

In  the  inhibition  test,  rabbit  sera  are  in- 
cubated with  DNA,  then  this  mixture  is 
tested  for  precipitation  with  lupus  serum. 
If  antibodies  are  present  in  the  rabbit 
serum,  they  should  combine  with  the 
DNA,  and  this  combination  might  be  less 
capable  of  precipitating  with  the  lupus  fac- 
tor. Results  with  this  system  so  far  are 
preliminary  and  inconclusive.  The  prac- 
ticability of  the  system  is  reduced  by  the 
rarity  of  the  lupus  syndrome. 

Using  the  culture  conditions  of  D.  A.  T. 
New  as  modified  by  Ruth  (cf .  pp.  408-410) 
and  with  the  technical  assistance  of  Lois  D. 
Blaine,  chick  embryos  were  cultivated  in 
the  presence  of  antisera  prepared  against 
chicken  red  blood  cell  DNA,  nucleohistone, 
and  chicken  liver  nuclei.  Embryos  in  the 
series  receiving  "antibodies"  against  nucleo- 
histone  and   liver  nuclei  developed   nor- 


mally; those  in  the  anti-DNA  series  were 
strongly  inhibited.  Each  series  consisted  of 
3  different  rabbit  sera  used  on  6  embryos 
each,  plus  saline  controls.  The  results  are 
questionable  because  of  the  small  number 
of  cases,  but  are  provocative  enough  to  de- 
serve further  intensive  effort.  Experiments 
are  planned  to  determine  the  nature  of  the 
toxic  effect;  i.e.,  is  it  due  to  an  antibody 
against  DNA,  is  it  an  antibody  against 
something  in  the  DNA  preparation  other 
than  the  DNA,  or  is  it  not  an  antibody  at 
all?  If  it  is  an  antibody,  can  its  effect  be 
inhibited  by  any  DNA,  or  only  chicken 
DNA,  or  by  only  chicken  red  blood  cell 
DNA?  Does  the  toxicity  invariably  affect 
the  whole  embryo,  or  does  dilution  render 
it  more  specific?  Does  lupus  serum  have 
a  similar  effect?  Answers  to  these  ques- 
tions will  be  pursued  during  the  coming 
year. 

Induced  Aspermatogenesis 

Dr.  D.  W.  Bishop,  in  collaboration  with 
Drs.  Roberto  Narbaitz  and  Maurice  Lessof, 
in  an  investigation  of  induced  aspermato- 
genesis in  adult  guinea  pigs  treated  in  neo- 
natal stages  has  demonstrated  that  sensi- 
tization can  occur  during  the  first  few  days 
after  birth,  whereas  the  germinal  response 
generally  occurs  only  after  testicular  ma- 
turity has  been  attained.  References  to  pre- 
liminary aspects  of  this  study  may  be  found 
in  Year  Book  58  (pp.  394-396);  contrary 
to  the  earlier  tentative  conclusion,  however, 
there  appears  to  be  no  inhibition  or  re- 
tardation of  the  aspermatogenic  processes 
during  differentiation  of  the  testis;  rather, 
testicular  damage  sets  in  after  the  develop- 
ment of  relatively  mature  germ  cells.  The 
extent  of  damage  in  65  animals,  represented 
by  an  index  including  both  minimal  and 
maximal  testicular  lesions,  is  presented  in 
table  8.  Fifteen  other  newborn  animals, 
less  than  10  days  old,  were  injected  with 
adjuvant  alone;  they  showed  no  testicular 
lesions  as  adults. 

Since  it  was  of  considerable  importance 
to  determine  the  degree  of  correspondence 


DEPARTMENT  OF  EMBRYOLOGY 


393 


of  severity  of  the  lesions  in  both  testes  of 
the  same  guinea  pig,  right  and  left  gonads 
were  scored  as  to  minimal  and  maximal 
damage  after  simultaneous  removal.  The 
comparison  is  highly  significant  (table  9), 
a  point  not  emphasized  properly  in  an 
earlier  publication  by  Katsh  and  Bishop. 

TABLE  8.     Testicular  Damage  in  Adult 
Guinea  Pigs  Treated  in  Neonatal  Stages 


Range  of 
Testic- 
ular 
Damage  * 


Number  of  Animals  by 

Age  in  Days  at  Time 

of  Injection  f 


Total 


6-10 
1-5        6-10  Semicas- 
trate  t 


14 


None 
0-1 
0-2 
0-3 
0-4 
1-4 
2-4 
3-4 
Complete 


2 
6 
2 
5 
5 
7 
10 
6 
2 


2 
9 
6 
8 
7 
9 
15 
7 
2 


Total       10 


45 


8 


65 


#  Index  of  severity  of  damage  to  seminiferous 
tubules,  increasing  from  0  to  4. 

t  Single  intracutaneous  injection,  distributed 
in  several  sites,  of  0.5  ml  of  testicular  homogenate 
emulsified  with  adjuvant,  approximately  125  mg 
testis  per  animal. 

t  Animals  semicastrated  on  day  of  injection. 

This  parallel  behavior  of  the  two  testes 
has  justified  conclusions  about  the  onset  of 
aspermatogenesis  by  comparing  one  testis 
removed  unilaterally  at  2  or  3  months  with 
the  residual  gonad  remaining  in  the  ani- 
mal (table  10).  Of  particular  interest  are 
those  guinea  pigs  that  showed  little  or  no 
damage  at  2  and  3  months  and  yet  dis- 
played very  extensive  lesions  at  sacrifice  1 
to  3  months  later.  In  no  individual  has 
there  appeared  significant  evidence  of  se- 
vere perivascular  inflammation  or  leuco- 
cytic  infiltration  which  might  be  regarded 
as  a  primary  event  of  the  immune  response 
as  contended  by  Waksman  for  the  auto- 
allergic type  of  system.    Dr.  Bishop's  ob- 


TABLE  9.     Correlation  of  Induced  Damage  in 
Both  Testes  at  Time  of  Sacrifice  (4-6  months) 


Animal 
No. 


Left  Testis  * 


Right  Testis  * 


Mini- 
mum 


Maxi- 
mum 


Mini- 
mum 


Maxi- 
mum 


419 
30 

32 

36 

37 

41 

40 

33 

424 

85 

86 

34 

83 

53 

31 

423 

463 

54 

35 

417 

458 

460 


0 
0 
0 
0 
0 
0 
0 
0 
0 


2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
4 
4 
4 
4 
4 
4 
4 
4 
4 


0 
0 
0 
0 
0 
0 
0 
1 
0 


2 
3 
3 
3 
3 
3 
4 
4 
3 
3 
3 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 


*  Right  and  left  testicular  sections  arbitrarily 
designated  on  slides. 

servations  agree  generally  with  those  of 
Freund  and  co-workers  who  have  indicated 
the  reaction  to  be  a  specific  tissue  or  cellu- 

TABLE  10.  Comparison  of  2-Month  or  3-Month 
Semicastrated  Testis  and  Adult  Testis  of 
Same  Individual 


Number 

of  Animals 

Semi- 

Semi- 

Condition of  Testes 

castrated 

castrated 

at  2 

at  3 

Months 

Months 

Castrate  and  adult  testes 

undamaged  * 

5 

4 

Castrate  testis  normal,  adult 

testis  damaged  f 

6 

2 

Castrate  and  adult  testes 

damaged 

2 

6 

Castrate  testis  impaired,  adult 

testis  normal 

0 

0 

#  Damage   <1. 
t  Type  4  lesions. 
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lar  immune  response,  devoid  of  causal  leu- 
cocytic  inflammation. 

It  is  known  from  previous  studies  that 
severely  damaged  testes  were  incapable  of 
inducing  aspermatogenesis.  Bishop  and 
his  associates  have  confirmed  this  finding 
by  administering  to  adult  pigs  the  4-month- 
old  treated  testes  from  injected  newborns. 
On  the  other  hand,  the  injection  into  adult 
recipients  of  2-month-old  testes  from  ani- 
mals injected  at  birth  induces  aspermato- 
genesis in  the  usual  fashion  and  indicates 
that  the  antigenic  capacity  is  not  disturbed. 
Thus,  at  2  months  of  age,  the  treated  testes 
are,  in  this  sense,  apparently  both  histo- 
logically and  immunologically  normal. 

Many  investigations  have  demonstrated 
that  circulating  antibodies  capable  of  ag- 
glutinating or  immobilizing  spermatozoa 
or  of  fixing  complement  are  not  concerned 
directly  with  the  aspermatogenic  reaction. 
Less  is  known  about  nonprecipitating  anti- 
bodies in  treated  animals.  It  is  recognized 
generally  that  immediate  forms  of  sensi- 
tization (e.g.,  anaphylaxis)  differ  from  de- 
layed sensitization  such  as  occurs  in  the 
aspermatogenic  syndrome,  and  further  that 
the  latter  condition  may  be  associated  with 
cell-fixed,  rather  than  circulating,  anti- 
bodies. Nevertheless,  the  use  of  the  posi- 
tive cutaneous  anaphylactic  (PCA)  test 
system,  as  developed  by  Ovary,  gives  posi- 
tive results  with  sera  of  treated  (aspermato- 
genic) animals  and  not  with  sera  of  indif- 
ferent controls  (table  11).  Possibly  two 
types  of  systems  are  involved  here;  the 
PCA  reactions  may  be  incidental  to  the  de- 
velopment of  testicular  lesions.  On  the 
other  hand,  these  results  suggest  that  low 
concentrations  of  serum  antibodies,  possibly 
of  the  nonprecipitable  type,  are  present 
during  the  course  of  the  development  of 
germinal  damage.  It  is  of  interest  in  this 
connection  that  Baum  has  been  able  to 
label,  with  fluorescein,  serum  antibodies 
from  similarly  treated  animals  and  later 
localize  the  dye  at  the  sperm  head.  In  the 
PCA  tests,  the  antigenic  challenge  was 
elicited  with  testicular  extracts  prepared  by 


either  saline  or  acid  extraction  followed  by 
ammonium  sulfate  precipitation  and  resol- 
vation. 

As  this  program  on  induced  aspermato- 
genesis continues  it  should  afford  further 
information  on  such  problems  as  acquired 
tolerance  to  the  aspermatogenic  response 
and  the  effect  of  antibody  or  the  antigen- 
antibody  complex  on  germinal  dedifferen- 
tiation. 

Antibody  Formation  in  the  Newborn 
Guinea  Pig 

Dr.  Bishop's  study  of  aspermatogenesis 
in  which  neonatal  animals  were  exposed  to 
the  antigen  provoked  an  interest  in  deter- 
mining the  antibody-producing  capacity  of 
newborn  guinea  pigs  against  soluble  anti- 
gen. It  has  been  determined  that  25 
mg/100  g  body  weight  of  bovine  y-globulin 
combined  with  complete  adjuvant  and  in- 
jected intramuscularly  into  day-old  animals 
will  induce  PCA-detectable  antibodies  by 
the  ninth  day.  Sera  collected  by  intracar- 
diac puncture  on  days  7,  9,  11,  and  15  gave 
the  following  positive  results :  day  7,  7  per 
cent  (1/15);  day  9,  71  per  cent  (5/7);  day 
11,  70  per  cent  (7/10) ;  and  day  15,  100  per 
cent  (5/5) . 

Selective  Uptake  of  Subcellular  Fractions 

by  the  Chic\  Embryo  and  Modification 

of  Patterns  of  Synthesis  in  the  Host 

In  Year  Books  57  and  58  the  question 
was  raised  whether  experiments  based  on 
the  administration  into  embryos  of  con- 
stituents of  immunologically  competent 
adult  tissues,  in  the  form  of  grafts,  cell 
suspensions,  homogenates,  or  particulate 
fractions,  contribute  effectively  to  the  hy- 
pothesis of  selective  chemical  coordination 
among  cells  of  identical  type  by  exchange 
of  type-specific  compounds,  or  whether 
such  experiments  must  be  viewed  apart 
from  such  tissue-specific  regulation  of  dif- 
ferentiation and  growth.  After  assessing 
their  own  findings  in  relation  to  those  of 
others,  Louis  E.  DeLanney  and  James  D. 
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TABLE  11.    Passive  Cutaneous  Anaphylactic   (PCA)  Reactions  with  Sera  of  Treated  Newborn 

and  Adult  Guinea  Pigs 


Range  of 

Time  at  Which 

Testicular 

Stage  Treated 

Type  of  Injection 

Serum  Was 
Collected 

Animal 

No. 

PCA 

Test* 

Damage 

at 
Sacrifice 

Newborn,  6-10  days  old 

Adult  homologous  testis 

4  months  old 

345 

+  + 

0-3 

and  adjuvant 

347 

+  + 

0-4 

348 

+  + 

1-4 

349 

+ 

0-4 

350 

+  + 

1-4 

351 

+ 

4-4 

352 

+  + 

3-4 

354 

+  + 

3-4 

355 

+  + 

0-4 

356 

+  + 

2^1 

391 

+  + 

2-4 

418 

+ 

0-2 

420 

+  + 

0-4 

421 

+  + 

1-4 

422 

+  + 

2-4 

430 

+  + 

0-1 

431 

+  + 

0-± 

432 

+  + 

0-1 

433 

— 

0-3 

434 

+ 

1-4 

Newborn,  6-10  days  old 

Adult  homologous  testis 

7  weeks  old 

448 

+ 

0-4 

and  adjuvant 

449 

+  + 

3-4 

450 

+  + 

0-1 

451 

+  + 

1-4 

452 

+  + 

4-4 

456 

+  + 

1-4 

Newborn,  6-10  days  old 

Adjuvant  only 

4  months  old 

344 

425 

— 

0 
0 

426 

— 

0 

427 

— 

0 

Adult 

2-month  testes  from 

2  months 

473 

+  + 

1-4 

treated  newborn 

postinjection 

474 

+ 

1-3 

plus  adjuvant 

518 

+ 

2-4 

Adult 

2-week  testes  from 

2  months 

442 

+  + 

4-4 

treated  adults 

postinjection 

446 

0-3 

plus  adjuvant 

466 

+  + 

0-3 

467 

+ 

3-4 

469 

+  + 

3-4 

Adult 

Damaged  testes  from 

2  months 

502 

__ 

0-1 

treated  adults  plus 

postinjection 

503 

— 

0-1 

adjuvant 

504 

— 

0-1 

509 

— 

0-± 

510 

+  + 

0-1 

511 

— 

2-4 

512 

— 

0-1 

Semiquantitative:  ++  strong  reaction;  +  weak  reaction;  —  negative  reaction. 
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Ebert  have  answered  the  latter  question  in 
the  negative. 

In  their  article  completed  for  publication 
in  volume  37  of  the  Contributions  to  Em- 
bryology, DeLanney  and  Ebert  first  de- 
scribe the  normal  stages  of  splenogenesis 
in  the  chick  with  reference  to  the  Ham- 
burger-Hamilton stages  of  normal  develop- 
ment. Next  are  presented  the  findings  de- 
rived from  a  detailed  study  of  the  impact 
of  implanted  fragments  of  homologous 
adult  spleen  on  the  host's  spleen,  attention 
being  focused  on  progressive  changes  in  the 
host's  extraembryonic  membranes  and 
spleen,  with  emphasis  on  the  initial  stages 
and  on  the  course  of  granulopoiesis.  Next 
they  summarize  their  findings  on  the  se- 
quence of  events  culminating  in  graft- 
versus-host  and  host-versus-graft  reactions 
and  compare  them  with  the  findings  of 
others.  The  primary  focus  is  the  cytogene- 
sis  of  the  affected  spleens  and  membranes; 
attention  is  paid  to  the  question  of  genetic 
relationship  between  donor  and  recipient. 
DeLanney  and  Ebert  argue  that  the  evi- 
dence available  demonstrates  a  reaction  on 
the  part  of  the  host  in  addition  to  the  graft- 
versus-host  reaction.  The  reaction  of  the 
host,  which  they  view  as  a  tissue-specific 
reaction,  may  be  masked  by  the  graft-ver- 
sus-host  reaction  or  by  an  incomplete  host- 
versus-graft  reaction;  nevertheless,  it  must 
be  considered  significant.  The  difficulty  in 
interpretation  stems  from  the  fact  that  the 
cytologic  response  to  nonspecific  antigenic 
stimuli  and  to  specific  stimuli  is  essentially 
the  same;  they  must  be  distinguished  by 
differences  in  the  extent  and  time  course 
of  the  reaction. 

DeLanney  and  Ebert  make  the  following 
points  : 

1.  The  proper  setting  or  framework 
for  the  discussion  is  the  field  of  immunol- 
ogy, more  specifically  the  field  of  trans- 
plantation or  cellular  immunity — a  con- 
clusion dictated  by  several  lines  of  evidence. 
Recent  work  by  Mun  and  his  associates 
using  spleens  from  inbred  lines  demon- 
strates  that   interstrain   grafts   produce    a 


larger  effect  than  intrastrain  grafts,  a  find- 
ing expected  if  the  reaction  were  an  im- 
munological one.  These  findings  agree  es- 
sentially with  those  of  Cock  and  Simonsen, 
who  also  used  inbred  White  Leghorn 
Lines. 

2.  Moreover,  the  ability  of  splenic  grafts 
to  affect  the  host  varies  with  the  age  of  the 
donor;  grafts  of  spleen  from  embryonic 
donors  have  little  or  no  effect,  the  effective- 
ness of  grafts  increasing  with  progressively 
older  donors  up  to  several  weeks  after 
hatching,  roughly  corresponding  with  the 
attainment  of  "immunological  maturity." 

3.  X  irradiation  of  adult  chicken  spleen 
removes  its  ability  to  affect  the  homologous 
organ  of  the  embryo.  According  to  Mun 
and  his  colleagues,  after  irradiation  at  205 
to  810  r  splenic  grafts  retain  their  effective- 
ness; at  higher  doses,  between  1230  and 
1640  r,  a  significant  decrease  in  effectiveness 
is  observed,  and  at  doses  about  1845  r  all 
activity  is  lost.  Kryukova  also  showed  that, 
while  nonirradiated  homologous  spleen 
cells  and  cells  X-irradiated  at  300  r  caused 
approximately  6-fold  enlargement  of  the 
embryo  spleen,  cells  irradiated  with  900  and 
1200  r  had  little  or  no  effect. 

4.  The  reaction  is  quantitatively  organ 
specific  and  class  specific,  but  not  species 
specific.  Of  11  donor  tissues  studied  by 
Ebert,  only  spleen,  thymus,  and  liver  (in 
that  order)  were  effective,  but  Van  Alten 
and  Fennell  and  Billingham  and  Silvers, 
respectively,  have  shown  that  grafts  of 
small  intestine  and  skin  also  affect  the  host 
spleen.  Each  of  these  organs  contains  im- 
munologically competent  cells;  hence,  it 
appears  consistent  to  state  that  the  reaction 
is  tissue  specific.  Perhaps  this  specificity  re- 
flects the  proportion  of  immunologically 
competent  cells  a  tissue  contains.  Spleen  of 
other  avian  species  (duck,  turkey,  and 
pheasant)  produces  some  effect  on  the 
host's  spleen,  but  never  as  much  as  homolo- 
gous spleen.  Yet  mouse  and  guinea  pig 
spleen  are  completely  ineffective. 

Clearly,  the  first  line  of  evidence  may  be 
regarded  as  basic,  with  the  others  providing 
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mutual  support;  X  irradiation  may  destroy 
capacities  of  cells  other  than  immunologi- 
cal competence,  and  the  association  of  im- 
munologically competent  cells  in  the  graft 
and  the  resultant  splenomegaly  offers  only 
indirect  evidence.  Although  points  2  to  4 
are  not  fully  meaningful  alone,  they  ac- 
quire more  significance  when  the  experi- 
ments with  inbred  lines  of  animals  are 
considered. 

Accepting  the  argument  that  spleno- 
megaly following  a  graft  of  adult  spleen 
encompasses  immune  reactions,  we  may 
take  up  next  the  nature  and  site  of  those 
reactions.  Perhaps  the  most  vexing  ques- 
tion concerns  the  extent  to  which  cells  leave 
the  graft  and  enter  not  only  the  extraem- 
bryonic membranes  but  also  the  embryo 
itself,  at  least  some  of  them  taking  up  resi- 
dence in  the  homologous  organ  of  the  host. 
It  is  clear  that,  when  suspensions  of  adult 
chicken  spleen  cells,  whole  chicken  blood, 
or  suspensions  of  chicken  lymphocytes  are 
administered  to  the  embryo  intravenously, 
some  of  the  cells  colonize  the  organs  of  the 
host.  Yet,  although  DeLanney  and  Ebert 
long  have  recognized  that  colonization  and 
proliferation  of  donor  cells  is  the  "eco- 
nomical" hypothesis  to  account  for  all  the 
effects  of  splenic  grafts,  they  are  not  con- 
vinced that  it  is  fully  satisfactory.  The  in- 
terpretation is  made  difficult,  in  part,  by  the 
fact  that  others  have  equated  the  effects  of 
intravenously  inoculated  cells  with  those  of 
chorioallantoic  grafts.  But  perhaps  their 
greatest  difficulty  in  accepting  colonization 
and  proliferation  as  the  sole  or  principal 
source  of  splenomegaly  stems  from  their 
own  studies.  The  cellular  nature  of  the  re- 
sponse, which  is  documented  fully  in  their 
article,  points  to  the  host  as  the  principal 
source  of  proliferating  cells.  Moreover, 
earlier  studies  using  radioactively  labeled 
grafts,  though  not  decisive,  revealed  a  pre- 
dominant localization  of  material  in  the 
homologous  organ  but  precluded  a  massive 
transfer  of  cells.  That  their  earlier  skep- 
ticism of  the  hypothesis  of  colonization 
and  proliferation  is  justified  is  borne  out  by 


recent  experiments  which  are  beginning  to 
clarify  the  contributions  of  donor  and 
host  cells.  Biggs  and  Payne  have  presented 
significant  preliminary  findings  in  a  study 
in  which  they  identify  proliferating  donor 
cells  in  chick  embryos  injected  with  adult 
chicken  blood.  In  the  chicken  the  fifth 
largest  chromosome  is  paired  in  the  male, 
unpaired  in  the  female.  Cockerel  blood 
was  injected  into  14-day-old  embryos  which 
were  sacrificed  at  day  18,  demecolcine  be- 
ing administered  3  hours  before  sacrifice. 
In  enlarged  spleens  taken  from  female  em- 
bryos, male  chromosomes  can  be  identified, 
proving  the  localization  of  some  donor 
cells.  The  relatively  high  number  of  divid- 
ing female  cells,  however,  suggests  to  Biggs 
and  Payne  that  an  appreciable  component 
of  the  splenomegaly  is  provided  by  cells 
of  the  host.  Moreover,  Simonsen  and  Jen- 
sen (1959)  have  reported  cases  in  which 
immunologically  active  donor  cells  are  not 
necessary  for  homologous  stimulation. 
Their  conclusion  is  based  on  an  analysis 
of  splenomegaly  in  transplantation  chime- 
ras in  the  mouse,  in  some  of  which  donor 
cells  could  not  be  detected  in  enlarged 
spleen,  whereas  other  donor  cells  appeared 
to  have  lost  or  never  acquired  reactivity 
against  the  recipient.  The  evidence  avail- 
able, therefore,  suggests  that,  after  the  in- 
travenous injection  of  blood  or  spleen  cell 
suspensions,  donor  cells  may  or  may  not 
colonize  the  host's  spleen.  Moreover,  such 
colonization  need  not  result  invariably  in 
splenomegaly,  which  may  result  in  whole 
or  in  large  part  from  proliferation  of 
cells  of  the  host. 

In  agreement  with  Simonsen  and  Jensen, 
DeLanney  and  Ebert  believe  that,  after  ad- 
ministration of  spleen  cells  by  intravenous 
inoculation,  the  embryonic  spleen  may 
serve  as  a  "battleground"  and  that  either 
graft-versus-host  or  host-versus-graft  reac- 
tions, or  both,  can  occur.  The  evidence  to 
be  presented  next  suggests  that  much  the 
same  pattern  results  from  chorioallantoic 
transplantation.  Donor  cells  in  small  num- 
bers  may    enter   the   graft;    this   cellular 
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contribution  is  small  but  significant.  Al- 
though the  conclusion  must  be  regarded  as 
tentative,  it  does  appear  that  cells  of  both 
donor  and  host  may  contribute  to  the 
splenomegaly,  the  host's  cells  playing  the 
predominant  role  numerically. 

The  Fate  of  Spleen   Cells  Labeled  with 
T vitiated  Thymidine 

In  Year  Book  58  (p.  404)  the  possibility 
was  advanced  that  the  use  of  cells  labeled 
with  tritiated  thymidine  might  aid  in  re- 
solving the  question  of  migration  of  adult 
chicken  spleen  cells  from  chorioallantoic 
membrane  grafts  to  the  homologous  host 
organ.  Drs.  Pierre  Tardent  and  A.  M. 
Mun,  working  in  consultation  with  Dr. 
Ebert,  have  completed  the  initial  stages  of 
a  large-scale  investigation  in  which  grafting 
and  intravenous  inoculation  approaches  are 
being  compared,  tracing  the  donor  cells 
by  labeling  them  with  tritium  thymidine. 
To  date  the  findings  after  inoculation  sup- 
port the  view  just  enunciated,  that  coloni- 
zation may  occur,  and  that  the  contribution 
of  donor  cells  is  highly  variable.  How- 
ever, Tardent  and  Mun  have  been  unable 
to  detect  significant  numbers  of  donor 
cells  in  the  embryo's  spleen  after  the  in- 
corporation of  labeled  chorioallantoic 
grafts. 

In  the  first  experiments  the  donor  tissues 
were  labeled  by  injecting  into  the  wing 
veins  of  adult  White  Leghorn  chickens  as 
much  as  2  mc  of  tritiated  thymidine  in  a 
single  dose  24  hours,  or  in  two  doses,  48 
and  24  hours,  before  sacrificing. 

In  later  experiments  15  to  25  uc  of 
tritiated  thymidine  were  injected  into  the 
yolk  sac  of  9-day-old  chick  embryos.  A 
piece  of  unlabeled  adult  chicken  spleen 
then  was  implanted  on  the  chorioallantois 
of  the  same  embryo.  After  8  days  of  in- 
cubation, the  enlarged  labeled  host  spleen 
was  removed  for  use  as  donor  tissue,  cut 
into  small  pieces,  and  implanted  on  the 
membrane  of  9-day-old  chick  embryos. 

This  method  ("second-set  reaction")  re- 


sulted in  at  least  a  doubling  of  the  percent- 
age of  labeled  donor  spleen  cells.  The 
enlarged  embryo  spleen  also  elicited  a 
greater  increase  in  size  of  the  host  spleen 
than  first-set  grafts  of  adult  chicken  spleen 
tissue.  Secondary  effects  were  observed 
more  frequently.  The  controls  included 
normal  and  sham-operated  embryos,  em- 
bryos with  labeled  and  nonlabeled  adult 
kidney  grafts,  and  embryos  with  labeled 
and  nonlabeled  adult  spleen  grafts  previ- 
ously exposed  to  X  irradiation.  The  differ- 
ent categories  of  effective  and  noneffective, 
as  well  as  labeled  and  nonlabeled,  donor 
tissue  also  were  combined  on  the  mem- 
branes of  the  same  host. 

At  recovery  a  number  of  tissues  includ- 
ing the  membrane  containing  the  graft, 
the  host's  spleen,  and  a  smear  of  blood  were 
obtained  from  each  embryo.  Representa- 
tive whole  embryos  also  were  fixed  in 
Bouin's  fluid. 

The  labeled  cells  were  detected  by  auto- 
radiography. The  spleen  and  chorioal- 
lantois containing  the  graft  were  sectioned 
at  5  microns,  mounted  on  glass  slides,  and 
stained  with  Mayer's  hematoxylin  and 
eosin.  The  slides  were  then  coated  with 
Kodak  NTB-3  photographic  emulsion,  fol- 
lowing in  general  the  procedures  developed 
by  Messier  and  LeBlond  and  Everett  and 
LeBlond.  Approximately  3  drops  of  a  50 
per  cent  emulsion  were  smeared  on  the 
surface  of  the  glass  slide  with  a  wetted 
brush.  The  smear  was  slowly  rocked  to  re- 
move the  brush  marks.  Excess  emulsion 
was  shaken  off,  and  the  slide  was  per- 
mitted to  dry  in  a  near-vertical  position. 
The  coated  slide  was  developed  in  D-72 
(Kodak)  after  14  days. 

The  results  of  four  experiments  will  be 
considered  here.  In  each  experiment,  more 
than  30  embryos  received  grafts  of  labeled 
adult  chicken  spleen  or  "second-set"  (seri- 
ally transferred)  embryonic  spleen  on  the 
chorioallantoic  membrane  on  the  ninth  day 
of  incubation.  An  equal  number  received 
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TABLE  12.     Mean  Weights  of  Embryonic  Hosts'  Spleens  after  Grafting  of  Spleen  Labeled  with 

Tritium  Thymidine 


Experiment 


Recovery 

Post- 
operative 
Days 


Source  of  Graft 


No. 


Average 

Weight  of 

Host  Spleen, 

mg 


SE 


m 


11 

8 

Adult  chicken  spleen  * 
Saline  control 

5 

7 

34.0 
10.5 

2.57 1 
0.60 

13 

8 

Enlarged  embryo  spleen  * 
Saline 

10 

5 

86.2 
12.4 

8.33  f 
1.43 

13a 

6 

Enlarged  embryo  spleen  * 
Saline 

7 
4 

29.4 
8.75 

4.52 1 
0.98 

*  Radioactive. 

f  Significant  at  the  0.001  level  (t  test). 

t  Significant  at  the  0.01  level. 

labeled  embryonic  spleen,  labeled  adult 
chicken  kidney,  or  irradiated  and  labeled 
adult  chicken  spleen  grafts.  A  small  num- 
ber were  not  treated  or  received  only  3 
drops  of  saline;  these  two  groups  served 
as  controls. 

A  number  of  embryos  from  each  group, 
selected  at  random,  were  recovered  at  post- 
operative days  1,  2,  3,  and  5.  Another 
group,  sufficient  to  ascertain  significantly 
the  degree  of  enlargement  of  the  host 
spleen  elicited  by  the  donor  material,  was 
recovered  on  the  eighth  day  after  the  opera- 
tion (table  12).  A  significant  increase  in 
the  size  of  the  host's  spleen  was  obtained 
both  by  the  use  of  adult  chicken  spleen  and 
by  the  use  of  enlarged  embryo  spleen. 

In  embryos  in  which  the  grafted  spleen 
was  labeled  distinctly,  labeled  cells  were 
detected  in  the  graft  as  well  as  in  the 
adjacent  membranes  up  to  the  fifth  post- 
operative day   (table  13).    By  the  eighth 


postoperative  day,  however,  labeled  cells 
could  no  longer  be  detected  in  the  graft. 
In  none  of  the  embryos  could  cells  with 
clearly  detectable  radioactivity  be  found  in 
the  enlarged  host  spleens.  Other  host 
organs  have  not  been  examined  yet,  and 
the  quantitative  evaluation  of  the  radio- 
autographs  is  still  in  progress.  These  still 
incomplete  observations  exclude  any  large- 
scale  migration  of  cells  from  chorioallantoic 
membrane  grafts  of  spleen  into  the  homol- 
ogous organ  of  the  host.  Because  of  the 
limits  of  the  method,  due  to  a  dilution  of 
the  radioactive  material  in  rapidly  dividing 
cells,  the  possibility  of  migration  of  only 
a  few  cells  cannot  be  excluded  by  the  ob- 
servations made  so  far. 

A  second  type  of  experiment  was  de- 
signed to  complement  the  findings  ob- 
tained by  the  use  of  labeled  cells.  It  should 
reveal  the  presence,  if  any,  of  a  few  cells 
of  donor  origin  in  the  host  embryo  spleen. 


TABLE  13.    Labeled  Cells  in  Membrane  and  Host's  Spleen 


Donor 


No.  of 
Cases 


(No.  labeled  cells) /(No.  cells  counted) 


Membrane 


Spleen 


Labeled  adult  chicken  spleen 
or  enlarged  embryo  spleen 

Nonlabeled  adult  chicken  spleen, 
embryo  spleen,  or  saline 


7 
3 


49 
4320 

0 
1999 


(1.13%) 
(0) 


1 


5824 

0 
2844 


(0.017%) 
(0) 
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Splenomegaly    after    Serial    Grafting    of 

Homologous  Embryonic  Spleen  to  the 

Chorioallantoic  Membrane 

The  experiments  to  be  described  are 
based  on  two  previous  lines  of  evidence: 

1.  "Second-set"  reactions,  i.e.,  host  spleen 
enlargement  after  grafts  of  17-day-old  em- 
bryonic spleen  from  embryos  having  re- 
ceived first-set  grafts  of  adult  spleen,  have 
been  reported  by  Ebert  and  DeLanney. 
It  will  be  recalled,  in  fact,  that  the  reaction 
has  been  transferred  serially  through  sev- 
eral transplant  generations,  both  intra- 
coelomic  and  chorioallantoic  grafting  tech- 
niques being  used.  Others  have  reported 
serial  transfer  after  intravenous  inocula- 
tion of  spleen  cells;  differences  of  opinion 
exist  whether  the  reaction  may  be  propa- 
gated for  as  long  as  eight  or  nine  genera- 
tions (Simonsen)  or  whether  it  is  lost 
within  three  to  five  generations  (Burnet 
and  Boyer). 

2.  Grafts  of  embryonic  spleen  are  not 
effective,  or  are  only  slightly  effective,  in 
evoking  splenomegaly  in  the  host;  they  are 
not  known  to  produce  graft -versus-host  re- 
actions. However,  it  may  be  argued  that, 
if  cells  leave  the  graft  to  populate  the  host's 
spleen,  it  should  be  possible  to  propagate 
them  serially,  by  grafting.  Moreover,  ini- 
tially, they  should  exert  no  deleterious 
effect  on  the  host;  hence  repeated  transfer 
should  be  possible.  Eventually,  however, 
at  least  in  theory,  these  cells  should  attain 
immunological  maturity,  unless  their  re- 
peated exposure  to  an  embryonic  environ- 
ment has  modified  them.  Therefore  it 
was  attempted  in  this  experiment  to  deter- 
mine whether  an  increase  in  weight  of  the 
host's  spleen  would  eventually  follow  re- 
peated serial  grafting  of  embryonic  spleen, 
the  initial  splenic  donor  being  the  14-day- 
old  embryonic  chick. 

These  experiments  have  been  carried  out 
by  Mr.  James  Errico,  working  in  consulta- 
tion with  Drs.  Mun  and  Ebert.  Only  a  few 
words  need  to  be  said  about  technique. 
The  method  of  chorioallantoic  grafting  was 
used,  5-  to  10-mg  fragments  of  spleen  being 


placed  on  the  membrane  of  10-day-old 
hosts.  The  eggs  were  reincubated  small 
end  down  for  an  additional  week,  at  which 
time  the  embryos  were  recovered  and  the 
following  observations  made:  (1)  size  and 
condition  of  graft;  (2)  weight  of  host's 
spleen  to  nearest  0.2  mg;  and  (3)  weight 
of  the  host  embryo  to  nearest  0.1  gram. 
Spleens  recovered  from  embryos  to  be  used 
as  donors  in  serial  transfers  were  stored 
individually  in  sterile  Howard's  chick  solu- 
tion at  2°C  for  no  longer  than  4  hours. 
Spleens  removed  from  the  hatched  chick- 
ens also  were  stored  in  this  manner,  previ- 
ously being  washed  two  to  three  times  in 
sterile  Ringer  at  5°C. 
Five  series  of  operations  were  performed : 

I.  Control.    Sham-operated. 

II.  Experimental.  Attention  was  focused 
on  the  age  of  the  donor,  grafts  being  made 
from  progressively  older  embryos  and 
hatched  chicks.  All  the  grafts  were  first-set 
grafts.  Donors  were  taken  at  the  following 
stages:  14-day  embryonic,  21-day  embry- 
onic (hatching),  and  1,  2,  3,  4,  5,  6,  and  7 
weeks  post  hatching. 

III.  Experimental.  In  the  first  experi- 
ment 14-day-old  embryos  provided  the 
spleens  for  grafting,  all  subsequent  experi- 
ments in  the  series,  in  which  grafts  were 
made  weekly  over  a  period  of  8  weeks, 
being  serial  transfers  employing  as  donors 
the  spleens  of  17-day-old  chick  hosts  from 
the  previous  generation.  In  other  words, 
only  one  primary  donor  was  employed.  If 
cells  from  the  first-set  grafts  settled  in  the 
host's  spleen,  they  might  then  be  trans- 
ferred into  second-set  recipients,  and  ulti- 
mately into  the  final  hosts  some  7  weeks 
later.  We  have  the  possibility  then  of 
comparing  the  effectiveness  of  spleen  cells 
in  grafts  taken  from  normally  maturing 
chicks  (II)  and  cells  of  the  same  age  that 
have  been  returned  repeatedly  to  an  em- 
bryonic environment   (III). 

IV.  Spleens  recovered  from  group  I  hosts 
were  used  as  donors. 

V.  Grafts  made  in  group  II  were  re- 
moved and  retransplanted  to  new  hosts. 
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Table  14  lists  the  mean  weights  of  the 
various  groups  for  each  recovery  date  after 
the  first  operation.  Three  points  are  clear. 

TABLE  14.     Splenomegaly  after  Serial 
Grafting  of  Embryonic  Spleen 


No.  of 

Weeks 
after 

Group 

No. 

No.  of 
Successful 

Mean 

Sb  m 

Initial 

Cases 

Operation 

1 

I 

3 

8.77 

II 

12 

9.40 

0.627 

III 

12 

9.40 

0.627 

V 

12 

9.40 

0.627 

2 

I 

4 

12.25 

1.475 

II 

4 

11.93 

0.634 

III 

6 

11.73 

0.514 

V 

6 

11.77 

0.639 

3 

I 

3 

10.33 

II 

9 

12.11 

0.360 

III 

7 

14.57 

4.513 

V 

1 

5.4 

4 

I 

4 

11.92 

1.615 

II 

5 

21.60 

3.248  * 

III 

10 

11.56 

0.541 

V 

1 

17.9 

5 

I 

1 

14.0 

II 

9 

29.56 

1.637 

III 

10 

12.80 

1.908 

V 

2 

13.90 

6 

I 

3 

14.27 

II 

9 

32.51 

4.163 

III 

9 

15.56 

2.007 

IV 

2 

9.40 

V 

4 

9.80 

1.025 

7 

I 

5 

12.80 

0.786 

II 

6 

42.90 

8.746 

III 

8 

19.78 

6.389 

V 

5 

15.08 

1.964 

8 

I 

1 

15.2 

II 

14 

32.70 

2.024  t 

III 

6 

24.00 

7.249 1 

V 

6 

11.77 

1.224 

*  Group  II  significantly  different  from  group  I 
at  greater  than  the  0.05  level  and  from  group  III 
at  greater  than  the  0.001  level. 

t  Group  II  significantly  different  from  the 
mean  of  group  I  from  the  8-week  period  at 
greater  than  the  0.001  level. 

t  Group  III  different  from  group  II  at  greater 
than  the  0.2  level,  and  significantly  different 
from  the  mean  of  the  8-week  period  of  group  I 
at  greater  than  the  0.01  level. 


The  expected  increase  in  weight  of  the 
host  spleen  in  group  II  (above  that  of  the 
group  I  controls),  significant  at  the  0.05 
level  (t  test),  occurred  in  the  fourth  week 
of  the  experiment  (donor  age  at  transplan- 
tation— 2  weeks  post  hatching).  This  in- 
crease in  weight  continued  throughout  the 
remainder  of  the  experiment,  possibly  level- 
ing off  at  the  eighth  week. 

The  weights  of  the  spleens  recovered 
from  embryos  in  group  III  remained  fairly 
constant,  with  no  significant  difference  ap- 
pearing between  them  and  the  mean 
weight  for  the  controls  (group  I),  until  the 
sixth  week,  when  there  was  a  slight  differ- 
ence in  weights,  significant  at  the  0.05  level, 
this  difference  continuing  into  the  seventh 
week,  again  at  the  0.05  level.  By  the 
eighth  week,  the  discrepancy  between 
groups  I  and  III  became  significantly  dif- 
ferent at  the  0.01  level. 

Finally,  the  difference  between  the 
weights  of  spleens  in  groups  II  and  III,  sig- 
nificant at  the  0.01  to  0.02  level  during 
weeks  4  through  7,  dropped  to  the  0.1  level 
at  the  eighth  week. 

Correlations  similar  to  the  above  may  be 
made  with  groups  II  and  III  versus  IV,  but 
as  the  group  IV  series  was  not  initiated 
until  the  fifth  week  the  comparisons  are 
not  as  significant. 

With  group  V,  difficulty  was  encoun- 
tered in  keeping  the  hosts  alive.  By  the 
third  week  the  recovery  was  limited  to  one 
to  three  grafts  per  week. 

The  observations  may  be  summarized  as 
follows:  (1)  A  significant  increase  in  spleen 
weight  in  group  II  at  the  0.05  level  occurred 
in  the  fourth  week.  It  continued  to  rise 
(significant  above  the  0.001  level)  above 
the  group  I  controls  until  the  eighth  week, 
when  a  possible  leveling  off  occurred.  (2) 
The  spleen  weights  in  group  III  began  to 
increase  slightly  in  the  sixth  week  at  the 
0.05  level  and  became  significantly  differ- 
ent at  the  0.01  level  in  the  eighth  week.  (3) 
The  significance  of  the  difference  in  spleen 
weights  between  groups  II  and  III  (0.01 
level)  throughout  weeks  4,  5,  6,  and  7 
dropped  to  the  0.1  level  in  the  eighth  week. 
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These  findings,  although  preliminary, 
suggest  that  the  competence  of  the  spleen 
to  affect  the  host's  spleen  when  grafted 
matures  progressively  in  its  normal  en- 
vironment or  when  the  cells  (or  responsible 
agents)  are  maintained  in  an  embryonic 
environment.  The  maturation  must  occur 
at  about  the  same  rate  in  the  two  environ- 
ments if  it  is  borne  in  mind  that  the  grafts 
made  in  group  II  contain  cells  of  only  one 
age  whereas  those  in  group  II  contain 
a  mixed  population.  The  data,  viewed  in 
the  light  of  other  experiments,  including 
the  use  of  labeled  cells,  compel  the  conclu- 
sion that  it  is  highly  likely  that  a  small 
number  of  cells  from  the  graft  enter  the 
host's  spleen,  where  they  are  capable  of 
maturing.  As  so  often  happens,  however, 
at  least  one  new  question  is  raised:  why, 
if  both  donor  and  host  are  embryonic,  is  a 
mutual  immunological  tolerance  not  de- 
veloped ? 

All  these  experiments,  coupled  with  the 
effectiveness  of  splenic  microsomal  reac- 
tions in  promoting  splenomegaly  (Year 
Book  58,  p.  403),  suggest  that  the  interac- 
tion between  graft  and  host  is  more  than 
the  sum  of  possible  homograft  reactions 
(graft-versus-host  and  host-versus-graft) ; 
it  appears  to  involve  the  transfer,  to  the 
host  embryo,  its  spleen,  and  membranes, 
of  particulate  or  macromolecular  compo- 
nents which  act  not  merely  as  building 
blocks  but  as  centers  of  synthesis,  redirect- 
ing the  course  of  differentiation  and 
growth.  It  happens  that  the  direction  of 
this  differentiation  is  granulocytopoiesis; 
unfortunately,  the  incomplete  response  of 
the  embryonic  spleen  upon  secondary  anti- 
genic challenge  results  in  a  similar  cytologi- 
cal  reaction,  which  tends  to  make  interpre- 
tation difficult  until  it  is  realized  that  the 
latter  reaction  requires  a  secondary  re- 
sponse, whereas  the  first  can  be  achieved 
directly  by  grafts,  cell  suspensions,  or  sub- 
cellular particles. 

The  hypothesis  just  advanced  is  ame- 
nable to  experimental  attack;  we  may 
expect  confidently  that,  through  recombi- 


nation experiments  at  particulate  and  mo- 
lecular levels,  the  roles  of  RNA  and 
RNA-protein  may  be  elucidated.  Yet  the 
ideas  advanced  spring  largely  from  experi- 
ments with  subcellular  units;  they  bear 
only  indirectly  on  some  of  the  questions 
arising  from  the  complex  interactions  ob- 
served in  the  grafting  experiments,  for 
which  no  satisfactory  explanations  are  yet 
in  sight. 

First,  DeLanney  and  Ebert  have  re- 
iterated the  opinion  that  the  granulocytic 
population  elicited  in  second-  and  third-set 
reactions  differs  from  that  observed  after 
primary  grafts.  In  the  former  reactions, 
the  granulocytes  found  in  the  interzone 
between  the  achromatic  region  of  the  af- 
fected membrane  and  the  adjacent  intact 
membrane  deviate  from  the  normal,  hav- 
ing properties  intermediate  between  those 
of  mesenchyme  cells  and  those  of  definitive 
granulocytes.  Moreover,  hemocytoblasts 
are  absent,  giving  rise  to  the  question 
whether  granulocytic  or  "granulomimetic" 
cells  may  differentiate  directly  from  cells 
of  the  chorioallantois. 

Dr.  R.  F.  Ruth  has  summarized  evidence 
in  support  of  the  hypothesis  that  some 
blood  cells  are  endodermal  instead  of 
mesenchymal,  and  that  this  difference  in 
origin  has  functional  implications.  He 
has  emphasized  that  the  cells  that  produce 
circulating  antibodies,  the  plasma  cells, 
are  probably  endodermal.  The  hypothesis 
depends  in  part  on  histological  studies  of 
the  bursa  of  Fabricius.  Two  groups  have 
shown  that  the  extirpation  of  this  organ 
inhibits  antibody  production.  Histological 
examination  of  the  embryonic  bursa  by 
Ackerman  and  Knouff  and  by  Ruth  in- 
dicates that  the  hemocytoblasts  of  the 
bursa  are  derived  from  the  epithelium 
rather  than  the  mesenchymal  stroma.  This 
epithelium  has  always  been  considered 
endodermal. 

More  recently,  Ruth  has  found  that  the 
bursa  first  appears  as  part  of  the  anal  plate. 
The  first  vacuoles  characteristic  of  its  dif- 
ferentiation may  be  present  in  the  4-day-old 


DEPARTMENT  OF  EMBRYOLOGY        403 


chick  embryo.  The  anal  plate  consists 
solely  of  ectoderm  and  endoderm.  There 
is  no  evidence  of  invasion  by  mesenchyme. 
The  endoderm  and  ectoderm  of  the  anal 
region  resemble  each  other,  and  it  is  not 
clear  whether  the  bursa  is  derived  from  one 
of  these  germ  layers  or  from  both.  This 
situation  is  reminiscent  of  the  first  appear- 
ance of  the  thymus  in  the  parts  of  the 
third  and  fourth  pharyngeal  pouches 
where  ectoderm  and  endoderm  make  inti- 
mate contact.  The  derivation  of  the  epi- 
thelium of  the  thymus  and  the  bursa  from 
these  ectodermal-endodermal  structures 
and  the  increasing  evidence  that  these 
epithelia  produce  hemocytoblasts  contra- 
dict the  usual  assumption  that  all  blood 
cells  are  derived  from  mesenchyme. 

Second,  DeLanney  and  Ebert  have  re- 
stated their  conviction,  arising  out  of  their 
description  of  the  architecture  of  the  cyst 
in  relation  to  the  multinucleate  giant  cell, 
that  the  membrane  lesions  are  not  simply 
clones  of  proliferating  donor  cells. 

Third,  they  have  raised  again  several 
questions  stemming  from  the  repeated 
demonstration  of  an  association  between  a 
mucopolysaccharide  and  the  spectrum  of 
cytologic  changes  described.  Earlier,  De- 
Lanney and  Ebert  admitted  that  they  had 
no  clues  about  the  role  or  significance  of 


these  striking  inclusions.  Nothing  can  be 
added  to  that  statement.  Nevertheless  it 
should  be  pointed  out  that  this  observa- 
tion presents  a  series  of  experimental 
targets,  among  them  being  the  question 
of  the  possible  role  of  mucopolysaccharide 
as  a  transplantation  antigen  and  the  pos- 
sible relation  between  the  mucopolysac- 
charide and  the  definitive  granules  of  the 
granulocytes. 

Finally,  and  perhaps  most  important,  are 
the  differences  in  the  effects  of  second-  and 
third-set  grafts  on  both  the  chorioallantois 
and  the  host  embryo  itself.  The  membranes 
are  affected  profoundly,  losing  their  ability 
to  stain,  at  pH  4,  with  toluidine  blue,  sug- 
gesting a  loss  of  RNA  or  at  least  such  a 
change  in  RNA  as  to  result  in  loss  of  its 
staining  properties.  In  the  host  embryo 
itself,  the  spleen  is  affected  in  much  the 
same  way;  there  may  be  a  marked  destruc- 
tion of  the  vascular  bed,  resulting  in  the 
accumulation  of  blood  in  the  extremities. 
In  this  respect  the  embryos  resemble  those 
described  by  Ebert  after  intracoelomic 
spleen  grafts.  It  would  appear,  then,  that 
in  second  and  third  transplant  generations 
after  primary  adult  grafts  the  immune  re- 
actions of  graft  and  host  override  the  other 
reactions  postulated. 


STEROID  SEX  HORMONES  AND  GONADOGENESIS 

IN  THE  OPOSSUM 


During  the  past  spring  further  experi- 
ments were  carried  out  by  Dr.  R.  K.  Burns 
on  the  effects  of  steroid  sex  hormones  on 
the  histogenesis  of  the  gonads  in  opossum 
embryos.  In  keeping  with  previous  experi- 
ence it  was  found  that  estradiol  dipropio- 
nate  initiates  transformation  of  embryonic 
testes  during  the  earliest  postnatal  stages. 
Most  of  the  experiments  were  conducted 
for  the  purpose  of  observing  the  reac- 
tion of  the  germinal  epithelium  during 
the  first  few  days  of  pouch  life,  previous 
experiments  having  dealt  largely  with  later 
stages  of  histogenesis.  Preliminary  ex- 
amination of  the  material  reveals  a  repres- 


sion of  medullary  differentiation  with  ab- 
sence of  compact  sex  cords  of  male  type, 
and  failure  of  the  interstitial  tissue  to  de- 
velop normally.  The  germinal  epithelium, 
however,  shows  no  activity  in  production 
of  secondary  sex  cords  until  the  period 
from  7  to  10  days  after  birth,  when  discrete 
cortical  cords  begin  to  appear. 

Experiments  with  the  male  hormones 
testosterone  propionate  and  methyl  testos- 
terone continue  to  yield  only  negative  re- 
sults over  a  wide  range  of  dosages.  Testos- 
terone propionate  is  well  tolerated  but  has 
little  effect  on  embryonic  ovaries  other  than 
a  variable  and  inconsistent  hypertrophy  of 
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the  medullary  zone,  but  with  absence  of 
male  sex  cords.  Methyl  testosterone,  on  the 
other  hand,  was  not  tolerated  and  in- 
variably resulted  in  death  of  the  young 
during  the  first  24  hours  of  treatment. 
The  symptoms  were  a  gradual  disappear- 
ance of  all  muscular  activity,  including 
nursing  and  breathing  movements,  and 
loss  of  color,  suggesting  circulatory  failure. 
The  young  then  slip  from  the  nipples  and 
are  lost.  The  general  picture  suggests  the 
well  known  anesthetic  effect  of  pro- 
gesterone in  various  adult  organisms. 

The  Stage  of  Birth  in  Young  Opossums 

For  some  years  a  question  has  been  raised 
about  the  stage  at  which  young  opossums 
are  born,  at  least  as  far  as  the  Florida 
population  is  concerned.  According  to  the 
staging  established  by  McCrady  the  young 
are  born  at  stage  35.  Stage  34,  which  falls 
about  12  hours  earlier,  is  readily  distin- 
guishable from  the  birth  stage  by  the 
presence  of  the  peculiar  "oral  shield," 
emphasized  by  McCrady,  and  by  other 
characteristics  chiefly  involving  the  limbs. 
As  a  matter  of  fact,  the  whole  form  of  the 
head  differs  strikingly  in  the  two  stages. 
The  head  of  stage  34  is  markedly  elongate 
and  rectangular  in  profile,  whereas  at  stage 
35  it  is  rounded  or  ovate  in  outline  and  the 
oral  shield  has  disappeared. 

Over  a  number  of  years,  in  the  course  of 
Dr.  Burns's  experimental  studies,  it  was 
noted  that  not  infrequently  litters  were 
found  some  hours  after  birth  which  still 
exhibited  the  fully  developed  "shield"  and 
the  elongate,  angular  configuration  of  the 
head  that  characterize  stage  35.  At  first  it 
was  presumed  that  such  litters  were  born 
prematurely,  but  as  they  continued  to  ap- 
pear with  regularity  this  assumption  be- 
came questionable.  Checking  females  in 
the  late  evening  and  up  until  midnight 
confirmed  the  opinion  of  most  observers 
that  young  are  rarely  born  before  midnight 
— in  the  present  study  never.  On  the  other 
hand,  an  early-morning  check  revealed 
young,  born  in  most  cases  between  mid- 


night and  morning.  Thus  far  38  such 
litters  have  proved  without  exception  to  be 
at  stage  34  when  seen;  and  it  must  be  con- 
cluded that  this  is  the  normal  stage  of 
birth  in  this  population. 

Litter  Size  in  Florida  Opossums 

Data  continue  to  accumulate  with  respect 
to  the  reproductive  life  of  Florida  opos- 
sums. As  has  previously  been  reported, 
the  average  number  of  young  per  litter  is 
lower  in  Florida  than  in  any  region  of  the 
United  States  as  yet  investigated.  At  pres- 
ent the  average  number,  based  on  more 
than  150  litters,  slightly  exceeds  6.3,  a 
figure  much  lower  for  example  than  for 
the  Iowa-Missouri  region,  where  it  ap- 
proximates 9.  The  evidence  suggests  that 
the  difference  is  related  to  mammary  func- 
tion, the  more  anterior  nipples  failing  to 
support  young  in  most  cases.  This  explana- 
tion is  indicated  by  two  kinds  of  informa- 
tion. The  thirteen  nipples  usually  present 
in  female  opossums  are  conveniently  di- 
vided topographically  into  two  groups. 
Three  pairs  lie  distinctly  anterior  to  the 
level  of  the  median  nipple,  which  in  turn 
lies  almost  exactly  between  the  most  an- 
terior of  the  remaining  three  pairs.  These, 
with  the  median,  constitute  a  posterior 
group  of  seven.  Now  seven  is  by  far  the 
most  frequent  number  for  litters  in  Florida, 
and  in  litters  of  seven  the  young  are  almost 
invariably  found  on  the  nipples  of  the 
posterior  group.  Litters  of  more  than  seven 
young  are  relatively  uncommon,  compris- 
ing only  30  out  of  a  total  of  151  litters  re- 
corded. Furthermore,  when  very  young 
litters  are  considered  separately,  the  average 
number  is  considerably  larger  (6.9)  and 
litters  of  more  than  seven  are  more  fre- 
quent than  in  older  litters  (more  than  30 
per  cent),  indicating  that  a  loss  occurs  in 
the  early  days  of  pouch  life.  That  this 
loss  is  almost  entirely  at  the  expense  of 
young  attached  to  the  nipples  of  the  an- 
terior group  is  shown  first  by  the  relative 
infrequency   in   later   stages   of  litters   of 
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more  than  seven,  with  the  distribution 
previously  noted;  and  secondly  by  the  fact 
that  in  younger  litters  enlarged  nipples 
from  which  an  embryo  has  recently  been 
lost  are  commonly  observed.  These  are  al- 


most invariably  at  anterior  levels.  It  would 
appear  that  for  some  reason  the  anterior 
nipples  tend  to  be  functionally  inadequate. 
A  histological  study  is  planned  to  throw 
light  on  this  point. 


ANATOMY  AND  PHYSIOLOGY  OF  THE  PLACENTA 


Intrauterine   Pressure    and    Placental 
Circulation 

The  team  of  Drs.  E.  M.  Ramsey,  G.  W. 
Corner,  Jr.,  and  Mr.  H.  M.  Stran,  ably 
assisted  by  Mr.  Arthur  Rever  and  Mr. 
William  Cleary,  has  continued  its  study  of 
intrauterine  pressure  and  placental  circula- 
tion in  the  pregnant  rhesus  monkey.  It  has 
been  possible  to  adhere  closely  to  the  pro- 
gram outlined  in  Year  Book  58  (pp.  414— 
415)  and  to  accomplish  a  number  of  the 
objectives  set  forth  there. 

The  gaps  in  data  on  certain  pregnancy 
stages  have  now  been  filled,  and  the  base 
line  of  normal,  spontaneous  uterine  activity 
in  the  monkey  is  believed  to  be  well  estab- 
lished. The  data  have  remained  consistent 
in  their  support  of  a  pattern  of  strong, 
frequent  myometrial  contractions  in  early 
pregnancy;  relative  quiescence  in  mid- 
pregnancy;  and  renewed  activity  in  pre- 
labor  and  preabortion,  with  labor  itself 
the  time  of  peak  contraction  strength  and 
frequency.  Several  collateral  considera- 
tions have  presented  themselves  this  year 
during  analysis  of  the  cumulative  results 
of  the  total  series  of  experiments  (now  116 
experiments  in  67  animals)  : 

1.  The  absolute  values  for  pressures 
within  the  amniotic  fluid  cavity  and  the 
intervillous  space  appear  to  be  closer  to- 
gether than  early  data  indicated.  Whether 
the  amplitude  of  contraction  (in  milli- 
meters of  mercury)  is  higher  in  one  cavity 
than  the  other  is  not  certain;  the  readings 
are  variable  and  inconstant.  Dr.  Ramsey 
and  her  co-workers  are  of  the  opinion  that 
readings  from  either  cavity  are  an  adequate 
index  of  intrauterine  pressure.  Individual 
circumstances  are  allowed  to  determine 
from  which  cavity  the  recording  will  be 
made  in  any  given  case.  Slight  preference 


is  given  the  amnionic  cavity,  all  other  fac- 
tors being  equal,  as  insertion  of  the 
catheter  there  is  less  traumatic. 

2.  The  recordings  from  the  femoral  vein 
have  continued  to  show  pressure  changes 
synchronous  with  and  proportional  to  those 
that  occur  within  the  uterus.  They  thus 
supply  a  valid  check  upon  the  recordings 
from  the  amnionic  or  intervillous  spaces 
and  for  this  reason  are  made  routinely. 

3.  The  fluctuations  in  femoral  artery 
pressure  in  the  monkey  show  no  constant 
relation  to  intrauterine  pressure  changes. 
Use  of  this  lead  has  been  discontinued  ex- 
cept for  the  purpose  of  following  the  ani- 
mal's general  condition  during  operation. 

4.  The  contour  of  the  contraction  wave 
is  assuming  greater  importance  in  con- 
sideration of  myometrial  activity  as  re- 
flected in  intrauterine  pressure.  It  is  grati- 
fying that  the  base-line  determinations  in 
the  monkey  have  been  so  consistent,  since 
studies  in  human  patients,  carried  out  in 
Montevideo  and  Cleveland,  the  two  centers 
primarily  engaged  in  such  work,  have 
failed  to  reveal  the  compound  wave  pattern 
which  is  common  in  the  monkey  at  certain 
stages  of  pregnancy.  An  underlying  species 
difference  may  be  the  explanation  of  this, 
but  consideration  must  be  given  to  the  role 
of  differences  in  techniques,  anesthesia, 
pregnancy  stage,  and  psychological  reac- 
tions of  the  conscious  human  patient. 

Attempts  to  insert  the  polyethylene 
catheter  into  the  intervillous  or  amnionic 
space  through  the  intact  abdominal  wall 
(as  is  the  procedure  in  humans)  have 
proved  unsuccessful.  Certain  anatomical 
features  of  the  pregnant  monkey's  endo- 
metrium and  the  size,  site,  and  type  of 
placental  attachment  appear  to  be  responsi- 
ble for  this  failure.  It  seems  best  to  rule  out 
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further  efforts  along  this  line,  for  the 
present  at  any  rate,  to  avoid  precipitating 
abortion  from  undue  manipulation. 

The  first  studies  under  artificially  evoked 
conditions  have  been  made  this  season. 
Progesterone  and  the  progesterone-like 
synthetic  drug  6-a-methyl  17-ct  acid  oxy- 
progesterone  acetate  (Provera)  have  been 
injected  into  the  amniotic  fluid  11  times 
and  into  the  blood  stream  3  times,  follow- 
ing a  preliminary  record  to  establish  the 
naturally  occurring  pattern  of  contraction. 
Eight  of  the  monkeys  were  in  the  first 
third  of  pregnancy  (preconversion  era) 
and  6  in  mid-pregnancy.  A  slight  effect 
was  observed  in  the  animals  in  the  pre- 
conversion group.  The  quieting  effect  of 
the  hormone  was  manifested  in  a  prolonga- 
tion of  the  rest  interval  between  contrac- 
tions (fewer  contractions  per  hour)  rather 
than  in  any  appreciable  or  consistent  altera- 
tion in  strength  of  contractions  or  contrac- 
tion pattern.  No  effect  of  the  hormone  was 
observed  in  mid-pregnancy.  Studies  of 
progesterone  effects  in  human  patients 
have  failed  to  show  any  changes  in  uterine 
contractility  at  any  stage  of  gestation.  The 
same  comments  apply  to  this  monkey- 
human  difference  as  were  noted  with  re- 
spect to  the  difference  in  wave  contour. 

Radioangio  graphic  Studies  of  Circulation 

in  the  Maternal  Placenta  of  the 

Rhesus  Mon\ey 

The  past  year  has  seen  the  achievement 
of  success  in  the  visualization  of  circula- 
tion in  the  maternal  placenta  by  the  tech- 
niques of  radioangiography. 

With  the  cooperation  of  Dr.  Russell  H. 
Morgan,  Director  of  the  Department  of 
Radiology,  Johns  Hopkins  Hospital,  and  in 
collaboration  with  Dr.  Martin  W.  Donner 
of  that  Department,  observations  have 
been  made  in  8  monkeys.  In  4  nonpreg- 
nant animals,  preliminary  experiments 
were  performed.  Four  monkeys  were  ob- 
served between  the  97th  and  106th  days  of 
pregnancy.  Three  of  the  pregnancy  studies 
employed   serial  radiography.    The   final 


pregnancy  study  was  done  by  cineradiog- 
raphy. The  high  degree  of  success  and  the 
remarkable  quality  of  the  films  are  attrib- 
utable to  the  unique  equipment  of  the 
Johns  Hopkins  Radiology  Department 
which  the  team  has  been  privileged  to  use, 
including  the  combination  of  an  8-inch 
image  intensifier  with  an  Image  Orthicon 
television  system  of  Dr.  Morgan's  own 
design. 

The  technique  of  the  experiments  is  as 
follows.  One  femoral  artery  of  the  anes- 
thetized animal  is  exposed  and  a  needle 
inserted  in  it.  Under  90  pounds  of  pressure, 
15  ml  of  radiopaque  dye  are  instantane- 
ously injected  into  the  artery.  The  high 
injection  pressure  is  an  essential  part  of  the 
technique  to  avoid  dilution  and  dispersion 
of  the  dye  before  it  reaches  the  uterine  cir- 
culation. At  the  moment  of  injection  rapid 
serial  radiography  or  cineradiography  is 
commenced.  In  the  former  technique 
X-ray  tubes  fixed  at  right  angles  to  each 
other  take  simultaneous  anteroposterior 
and  lateral  views.  The  X-ray  films  are  con- 
tained in  an  automatic  film  changer  set 
to  deliver  two  films  per  second.  In  the 
cineradiography  the  movie  camera  photo- 
graphs the  image  from  the  14-inch  screen 
of  a  television  monitor  (similar  to  a  fluor- 
oscopy screen  with  a  brightness  intensifi- 
cation in  a  range  up  to  2000  times). 

The  progress  of  the  dye  can  be  followed 
as  it  courses  up  the  femoral  artery,  under 
pressure,  then  enters  the  aorta,  reaching 
approximately  the  level  of  the  renal  arteries 
as  the  applied  pressure  is  spent.  It  then 
returns  under  the  force  of  arterial  pressure 
and  enters  the  hypogastric  arteries,  the 
uterine  arteries,  and  finally  the  intervillous 
space  of  the  placenta.  Characteristic  spurts, 
previously  described  in  these  Year  Books 
by  E.  M.  Ramsey  as  observed  in  anatomical 
preparations,  appear  as  the  dye  enters  the 
intervillous  space.  An  account  of  these 
findings  will  appear  in  the  Proceedings  of 
the  National  Academy  of  Sciences. 

The  opportunity,  provided  by  this  tech- 
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nique,  of  actually  watching  the  maternal 
blood  circulating  through  the  placenta 
opens  up  many  horizons.  It  is  proposed  to 
explore  some  of  them  in  the  forthcoming 
season,    studying   circulatory    patterns    at 


various  stages  of  pregnancy  and  combining 
intrauterine-pressure  determination  with 
radioangiography  so  as  to  elucidate  the 
effect  of  myometrial  contractions  upon 
these  patterns. 


COOPERATION  IN  RESEARCH 


As  in  the  past,  during  the  year  covered 
by  this  report  the  members  of  the  Depart- 
ment have  profited  by  working  in  coopera- 
tion with  investigators  at  other  institutions. 
These  undertakings  have  varied  widely :  in 
some,  true  collaborative  investigations  have 
been  pursued.  Several  such  joint  under- 
takings have  been  described  earlier — to 
mention  only  a  few,  the  programs  of  D.  W. 
Bishop,  Roberto  Narbaitz,  and  Maurice 
Lessof,  of  John  Papaconstantinou  and 
Robert  Resnik,  and  of  Elizabeth  Ramsey, 
G.  W.  Corner,  Jr.,  Martin  Donner,  and 
H.  M.  Stran,  respectively. 

In  other  studies,  the  Department  con- 
tributes principally  by  furnishing  facilities, 
materials,  and  technical  assistance.  Many 
of  these  studies  are  centered  about  the  Col- 
lection of  Human  Embryos  and  the 
monkey  colony. 

The  Collection  of  Human  Embryos 

In  the  year  covered  by  this  report,  Dr. 
Elizabeth  M.  Ramsey  examined  97  speci- 
mens sent  by  physicians  and  laboratories 
from  6  states.  Of  these  specimens,  59  were 
discarded  as  of  no  research  value,  at  the 
end  of  3  months  after  reporting  to  the 
donor  and  in  the  absence  of  instructions 
to  the  contrary.  Thirty-seven  specimens 
had  sufficient  research  value  to  justify 
permanent  preservation.  One  specimen  was 
returned. 

It  is  impracticable  to  cite  each  investiga- 
tor who  used  the  facilities  or  materials  of 
the  Collection  during  the  year.  Suffice  it 
to  say  that  Dr.  Mary  E.  Rawles,  Curator 
of  the  Collection,  and  the  staff  members  of 
the  Department,  are  pleased  to  have  the 
opportunity  to  encourage  such  cooperative 
ventures  in  human  embryology.   It  is  not 


altogether  inappropriate  to  single  out  for 
special  mention  the  article  by  J.  R.  Hanson, 
B.  J.  Anson,  and  the  late  T.  H.  Bast  illus- 
trating in  atlas  series  the  development  of 
the  auditory  ossicles,  a  part  of  their  im- 
portant continuing  study  on  the  develop- 
ment of  the  ear. 

The  Mon\ey  Colony 

During  the  year  Drs.  Lawrence  R. 
Wharton,  Jr.,  Richard  W.  TeLinde,  and 
Roger  B.  Scott  have  continued  using  the 
rhesus  monkey  colony  to  study  several 
different  phases  of  reproductive  physiology, 
including  the  effects  of  various  hormones 
on  experimentally  produced  endometriosis. 
Eight  female  monkeys  with  proven  endo- 
metriosis were  treated  with  6  mg  of  tes- 
tosterone twice  weekly  for  periods  of  6  to 
27  months.  By  means  of  periodic  laparoto- 
mies and  biopsies,  the  effect  of  the  hor- 
mone on  the  endometrial  implants  was 
observed.  No  atrophy  or  fibrosis  was  ob- 
served in  the  endometriosis;  amenorrhea 
and  clitoral  enlargement  were  noted. 

The  effects  on  experimental  endometrio- 
sis of  a  synthetic  progesterone-like  sub- 
stance, Norlutin  (17-a-ethinyl-19-nortestos- 
terone),  are  also  being  studied  in  the 
monkey.  This  substance  exerts  a  powerful 
progestational  effect  on  the  endometrium, 
producing  a  marked  decidual  reaction,  and 
if  given  continuously  for  appropriate  pe- 
riods of  time  produces  pseudopregnancy 
in  humans.  Pregnancy  often  exerts  a  bene- 
ficial effect  on  human  endometriosis.  Re- 
ceiving Norlutin  in  5-  to  10-mg  doses  daily, 
the  rhesus  monkey  becomes  amenorrhoeic 
and  the  uterine  endometrium,  and  often 
the  ectopic  endometrium,  show  marked 
decidual  reaction.  This  study  is  continuing. 
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The  possible  effect  of  progesterone  and 
progesterone-like  substances  on  the  female 
infants  of  mothers  receiving  such  prepara- 
tions during  pregnancy  is  questioned.  In 
humans,  masculinization  of  the  external 
genitalia  of  genetic  female  infants  is  ob- 
served occasionally.  Attempts  are  being 
made  to  study  this  phenomenon  in  rhesus 
monkeys.  After  mating,  females  are  given 
50  mg  of  progesterone  daily  throughout 
pregnancy.  Six  animals  have  been  so 
treated;  3  male  and  3  female  animals  were 
delivered  at  term.  All  were  normal. 
Norlutin  is  being  tested  similarly  with  5 
animals  receiving  25  mg  daily  throughout 
pregnancy.  Four  delivered  prematurely; 
1  delivered  at  term.  There  have  been  2 
normal  male  infants  and  3  masculinized 
female  infants.  The  females  have  external 
genitalia  which  appear  masculine.  There  is 
a  phallus  with  the  urethral  meatus  near 
its  tip.  There  are  fused  labial-scrotal  folds 
and  bilateral  inguinal  swellings  resembling 
inguinal  testes,  yet  no  testes  are  present. 
These  animals  have  normal  ovaries,  ovi- 
ducts, and  uteri.  In  each  animal  the  vagina 
enters  the  posterior  urethra  near  the  vesicle 
neck  rather  than  continuing  to  the  peri- 
neum. No  other  congenital  abnormalities 
have  been  found  in  these  animals.  Further 
work  must  be  done  to  determine  critical 


dosage  or  time  in  pregnancy  for  the  pro- 
duction of  the  effect. 

In  other  studies  in  the  field  of  animal 
reproduction,  uteri  of  premature  and  new- 
born monkeys  have  been  sent  to  Dr. 
Theodore  Fainstat  of  the  Biological  Labo- 
ratories, Harvard  University,  for  histologi- 
cal studies  of  the  endometrium. 

Other  research  programs  served  by  the 
monkey  colony  include  the  following:  Dr. 
W.  F.  Knowles  of  the  Wilmer  Institute  is 
observing  the  effect  of  plastic  membranes 
inserted  into  the  eye;  and  Dr.  Rosa  Gryder, 
also  of  the  Wilmer  Institute,  is  studying 
normal  morphology  and  histology  of  the 
eye  preliminary  to  projected  studies  of  dia- 
betic retinopathy  under  the  direction  of 
Professor  A.  E.  Maumenee.  Materials  also 
have  been  provided  for  Dr.  John  Papa- 
constantinou's  studies  on  the  lens  proteins. 

Dr.  M.  E.  Avery  of  the  Department  of 
Pediatrics,  Johns  Hopkins  Hospital,  is  in- 
vestigating respiratory  physiology  in 
aborted,  stillborn,  and  newborn  animals  of 
the  colony.  Infant  monkeys  are  being  used 
by  Dr.  W.  F.  Windle  of  the  National 
Institutes  of  Health  in  neurological  studies 
and  by  Dr.  Curt  Richter,  Professor  of 
Psychobiology,  Johns  Hopkins  Hospital, 
for  studies  of  the  relation  between  diet  and 
cataract  formation. 


APPARATUS  AND  TECHNIQUES 


Development  of  Immunological 
Techniques 

One  of  the  long-range  aims  of  Dr.  R.  F. 
Ruth's  program  is  to  elucidate  the  mecha- 
nisms of  synthesis  of  the  cardiac  contractile 
proteins.  His  immediate  aim  has  been  the 
development  of  immunochemical  methods 
by  which  the  study  of  these  macromole- 
cules  may  be  facilitated.  Two  approaches 
have  been  attempted:  first,  the  modifica- 
tion of  proteins  so  as  to  increase  their  anti- 
genicity. This  goal  has  not  been  achieved. 
The  second  approach  involves  the  use  of 
the  early  chick  embryo  cultivated  in  vitro 
as  a  test  system  for  evaluating  the  effects  of 
normal  and  immune  sera.   This  goal  has 


been  accomplished.  The  embryo  may  be 
cultivated  in  serum  or  other  solutions 
with  great  consistency  and  reliability. 
Moreover,  the  embryo  can  develop  even 
when  it  is  not  attached  to  a  surface.  The 
resistance  of  these  embryos  in  vitro  to 
certain  antisera  and  their  susceptibility  to 
others  indicate  that  selective  effects  can  be 
obtained  in  systematic  fashion. 

In  developing  quantitative  techniques  of 
studying  poorly  antigenic  tissue  proteins, 
emphasis  has  been  placed  on  the  addition 
of  selected  reactive  groups  to  proteins  so 
that  a  normally  nonantigenic  or  poorly 
antigenic  protein  could  be  added  as  a 
hapten  to  another  protein.  The  complete 
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lack  of  commercial  reagents  suitable  for  use 
with  sensitive  proteins,  such  as  the  myosins, 
presented  great  difficulties.  A  search  of  the 
literature  offered  no  solutions  but  sug- 
gested that  certain  thio  esters  might  be 
useful  because  of  their  reported  abilities  to 
acylate  amino  groups. 

Attempts  to  make  thio  ester  derivatives 
of  mercaptoacetic  acid  did  lead  to  the 
formation  of  a  solid  product.  This  product 
could  not  be  characterized  adequately  by 
comparison  of  its  spectra  with  the  spectra 
of  known  compounds.  Since  the  use  of 
such  a  poorly  characterized  compound  was 
undesirable,  attention  was  shifted  to 
N-acetyl  homocysteine  thiolactone,  intro- 
duced by  Benesch.  This  compound  is  well 
defined,  but  it  reacts  with  proteins  only  at 
high  pH  or  in  the  presence  of  silver  cation. 
The  silver  is  removed  from  the  protein  by 
high  concentrations  of  thiourea  at  low  pH. 
These  requirements  are  prohibitive.  How- 
ever, Ruth  has  found  that  this  thio  ester 
reacts  rapidly  with  the  amino  groups  of 
glycyl  glycine  at  /?H  8.3,  which  approxi- 
mates the  pK  of  glycyl  glycine.  This  ob- 
servation suggests  that  the  thiolactone 
might  react  rapidly  with  glycyl  derivatives 
of  proteins.  The  information  essential  to 
the  preparation  of  well  characterized  glycyl 
proteins  has  been  published  recently;  at- 
tempts to  prepare  the  labile  N-carboxy- 
glycine  anhydride  will  be  continued. 

As  the  objectives  of  Dr.  Ruth's  study  of 
the  effects  of  normal  sera  and  specific  anti- 
sera  on  the  developing  chick  embryo 
were  stated  in  Year  Book  58  (pp.  391-392), 
only  a  brief  resume  is  called  for  to  provide 
the  necessary  background  for  bringing  into 
focus  the  achievements  of  the  past  year. 

Mun's  report  that  the  toxic  effects  of 
heated  rabbit  antisera  upon  the  chick 
embryo  in  ovo  may  be  enhanced  by  sources 
of  mammalian  complement  and  properdin 
led  to  similar  studies  in  vitro.  Undiluted 
mammalian  sera  frequently  kill  the  early 
embryo.  Heating  at  56  °C  for  20  minutes 
may  remove  this  effect.  The  use  of  mix- 
tures of  normal  serum  and  antiserum  or 


sera  from  different  sources  was  complicated 
by  the  observation  that  embryos  may  de- 
velop better  in  dilute  serum  than  in  saline 
plus  nutrients.  Because  the  serum,  which 
separates  the  embryo  from  the  atmosphere, 
must  contain  hemoglobin  and  carbonic 
anhydrase  due  to  hemolysis,  these  two  pro- 
teins were  added  separately  to  saline  cul- 
tures. Four-tenths  per  cent  carbonic 
anhydrase  restored  the  development  of 
the  nervous  system,  the  somites,  and  the 
heart  beat.  Consistent  and  synchronous  de- 
velopment, comparable  to  the  first  3  days 
in  ovo,  has  been  obtained  under  liquid  by 
use  of  a  99  per  cent  02-l  per  cent  C02 
atmosphere.  This  technique  has  made 
practical  the  statistical  study  of  the  effects 
of  mixtures  of  fluid  sera,  in  direct  contact 
with  the  embryo.  The  ability  of  the  early 
embryo  to  recover  from  mechanical  manip- 
ulation and  chemical  insult  can  be  im- 
proved greatly  by  simple  procedures.  The 
uniform  success  with  early  stages  cultivated 
under  liquid  may  be  contrasted  with  the 
report  by  Lenicque  that  the  definitive 
streak  embryo  is  affected  markedly  by  the 
subblastodermal  injection  of  60  ul  of  tissue 
extract.  Ruth  has  treated  the  embryo  at 
the  definitive  primitive  streak  stage  with 
250  ul  of  4  per  cent  muscle  extract  without 
damage.  In  fact,  he  and  his  associate,  Lois 
D.  Blaine,  have  detected  no  differences  in 
the  responses  of  stage  3  and  4  embryos  and 
of  stage  5  and  6  embryos  to  any  treatment, 
if  the  embryos  are  cultivated  under  oxygen 
and  carbon  dioxide.  If  they  are  cultured 
under  air,  however,  there  are  marked  dif- 
ferences between  the  earlier  and  later 
stages.  Applications  of  the  technique  have 
been  undertaken  only  recently.  As  yet, 
specific  effects  of  undiluted  antibrain,  anti- 
heart,  antimuscle,  or  antiplasma  sera  have 
not  been  observed.  That  specificity  may  be 
expected  is  indicated  by  the  unusual  effects 
of  antierythrocyte  sera  to  be  described  be- 
low and  by  the  effects  of  antibodies  against 
erythrocyte  DNA  (cf.  pp.  389-392).  The 
experiments     with     antierythrocyte     sera 
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should  be  considered  in  relation  to  those 
with  normal  serum  and  other  antisera,  tak- 
ing the  development  of  a  pulsating  heart  as 
one  criterion  of  normal  development.  In  a 
typical  series  of  experiments,  after  1  day  of 
incubation  under  saline,  the  heart  was  pres- 
ent in  9  of  14  embryos.  After  incubation 
under  heated  (56 °C,  30  minutes)  rabbit 
serum,  it  was  present  in  28  of  33  embryos. 
After  2  days  of  incubation  under  saline,  1 
of  14  hearts  was  still  beating.  After  2  days 
of  incubation  under  heated  rabbit  serum, 
21  of  39  hearts  were  still  beating.  These 
findings  could  have  been  taken  from  ex- 
periments with  normal  serum  or  anti- 
cardiac  protein,  or  antierythrocyte  sera.  It 
happens  they  were  from  the  experimental 
groups.  The  antierythrocyte  serum  has 
produced  one  entirely  unexpected  effect: 
the  embryos  separate  from  the  vitelline 
membrane  and  continue  to  develop  while 
floating. 

After  incubation  under  saline  for  2  days, 
20  of  20  well  developed  embryos  remained 
attached  to  the  membrane.  After  incuba- 
tion under  antiplasma  serum  for  2  days, 
23  of  23  well  developed  embryos  remained 
attached.  After  incubation  under  anti- 
erythrocyte serum  for  2  days,  only  1  of  14 
well  developed  embryos  remained  attached. 
Most  of  the  embryos  had  been  explanted 
at  stage  4;  most  of  the  floating  embryos 
separated  from  the  membrane  within  1  day, 


by  stage  10  or  11.  The  development  of 
the  floating  embryos  compared  very  well 
with  the  development  of  those  that  re- 
mained attached. 

If  the  embryo  is  detached  mechanically 
from  the  vitelline  membrane,  but  is  not 
removed  from  the  culture,  it  will  reattach, 
in  the  presence  of  saline  or  normal,  heated 
rabbit  serum.  If  it  is  transferred  to  a  glass 
vessel,  however,  a  differential  effect  of 
saline  and  serum  on  the  free  embryo  can  be 
observed.  Early  somite  stages  are  able  to 
continue  some  development  in  the  presence 
of  serum  despite  the  absence  of  the  vitelline 
membrane.  Most  of  them  reach  stages  11 
and  12. 

The  development  of  the  embryo  beyond 
the  early  somite  stages  appears  not  to  be 
dependent  on  contact  with  the  vitelline 
membrane  or  the  expansion  of  the  area 
vasculosa.  The  separation  of  the  embryo 
and  the  area  vasculosa  from  the  membrane 
in  antierythrocyte  serum  and  the  failure  of 
the  area  vasculosa  to  spread  in  some  normal 
sera  indicate  that  embryonic  development 
at  these  stages  may  be  independent  of  the 
expansion  of  the  area  vasculosa.  Normal 
development  of  such  embryos  occurs  only 
in  the  presence  of  excess  oxygen  and 
carbon  dioxide.  It  does  not  occur  in  air. 
The  expansion  of  the  area  vasculosa  may 
be  essential  in  air  in  order  that  it  may 
perform   its   respiratory   function. 
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At  the  time  of  this  report,  volume  37  of 
the  Contributions  to  Embryology  is  in 
preparation.  Publication  is  expected  late 
in  1961.  The  volume  will  contain  the  fol- 
lowing articles: 

252.  George  W.  Bartelmez.  Development 
of  the  Optic  Primordium  in  the  Rat. 

253.  George  W.  Bartelmez  and  Anatole  S. 
Dekaban.  The  Early  Development  of 
the  Human  Brain. 

254.  Bent  G.  Boving.  Anatomical  Analysis 
of  Rabbit  Trophoblast  Invasion. 


255.  Louis  E.  DeLanney  and  James  D. 
Ebert.  On  the  Chick  Spleen:  Origin; 
Patterns  of  Normal  Development  and 
Their  Experimental  Modification. 

256.  Pieter  A.  DeVries  and  J.  B.  Saunders. 
Development  of  the  Ventricles  and  Spiral 
Outflow  Tract  in  the  Human  Heart. 

257.  Roberto  Narbaitz.  The  Primordial 
Germ  Cells  in  the  Male  Human  Embryo. 

258.  John  McKenzie.  The  Development  of 
the  Sternomastoid  and  Trapezius 
Muscles. 
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STAFF  ACTIVITIES 


Science,  according  to  Karl  Pearson  in 
the  Grammar  of  Science,  is  an  endeavor 
wherein  facts  are  studied  in  terms  of  their 
correlation  and  sequences,  and  where  gen- 
eralizations are  made  on  the  basis  of  these 
relations.  Rigid  criticisms  of  the  validity 
of  such  generalizations  must  prevail.  The 
correlation  of  facts  and  the  formation  of 
generalizations  presupposes  facility  in  com- 
munication. Mastery  of  the  written  word 
is  essential,  as  Martin  Peterson  reminds  us 
in  his  article  "Logic  in  Scientific  Writing," 
for  scientific  contributions  are  assessed 
principally  by  evaluating  published  data 
and  interpretations.  Equally  important  in 
promoting  the  exchange  of  ideas  among 
scientists,  in  fostering  the  development  of 
new  students  from  the  reservoir  of  talent, 
and  in  engendering  support  of  science  by 
an  informed  public  are  lectures  and  sym- 
posia, and  demonstrations.  As  in  the  past, 
members  of  the  scientific  staff  took  part  in 
such  activities  to  a  varying  degree,  depend- 
ing on  their  inclinations  and  talents,  and, 
of  course,  on  the  direction  and  progress  of 
their  investigations,  some  aspects  of  the 
program  being  more  suitable  for  presenta- 
tion before  wide  audiences  than  others. 

Members  of  the  group  lectured  at  a 
number  of  colleges  and  universities,  includ- 
ing the  University  of  Aberdeen,  Scotland, 
the  University  of  Arkansas,  Bridgewater 
College,  the  University  of  California  at 
Los  Angeles,  California  Institute  of  Tech- 
nology, Columbia  University,  Goucher 
and  Haverford  Colleges,  the  Universities 
of  Kansas  and  Maryland,  Massachusetts 
Institute  of  Technology,  Medical  College 
of  Virginia,  St.  Mary's  Hospital  Medical 
School,  London,  and  Stanford,  Western 
Reserve,  and  Yale  Universities.  Among 
the  research  institutions  with  which  the 
staff  had  the  opportunity  to  exchange  ideas 
through  conferences  and  seminars  were  the 
Long  Island  Biological  Association,  Na- 
tional Institutes  of  Health,  Rockefeller 
Institute   for   Medical  Research,  Roswell 


Park  Memorial  Institute,  and  the  U.  S. 
Department  of  Agriculture. 

Staff  members  and  fellows  played  promi- 
nent roles  in  four  international  meetings: 
the  Congres  International  d'Embryologie, 
in  Paris;  the  Conference  on  Physiological 
Mechanisms  Concerned  with  Conception, 
held  at  West  Point,  New  York;  the 
Seventh  International  Congress  of  Anato- 
mists, in  New  York  City ;  and  the  Colloque 
sur  les  Fonctions  de  Nidation  Uterine  et 
leurs  Troubles,  held  in  Brussels.  Others 
took  part  in  Symposia  on  Aging  (Ameri- 
can Association  for  the  Advancement  of 
Science)  and  Radiation  Recovery  (Federa- 
tion of  American  Societies  for  Experimen- 
tal Biology).  One  member  of  the  staff 
contributed  to  the  Gordon  Cancer  Con- 
ference. Meetings  of  other  learned  societies 
afforded  platforms  for  some;  they  included 
the  American  Society  of  Zoologists,  the 
Anatomical  Society  of  Great  Britain  and 
Ireland,  the  Society  for  Experimental  Biol- 
ogy and  Medicine,  and  the  Society  for  the 
Study  of  Development  and  Growth. 

Advisory  and  consultative  services  in- 
cluded membership  on  the  editorial  boards 
of  Biological  Bulletin  and  the  Journal  of 
Embryology  and  Experimental  Morphol- 
ogy, the  board  of  consulting  editors  of 
Developmental  Biology,  the  Cell  Biology 
Study  Section  of  the  National  Institutes  of 
Health,  the  Visiting  Committee  for  the 
Department  of  Biology  of  the  Massachu- 
setts Institute  of  Technology,  the  Councils 
of  the  American  Association  for  the  Ad- 
vancement of  Science,  the  Developmental 
Biology  Division  of  the  American  Society 
of  Zoologists,  and  the  Society  for  Experi- 
mental Biology  and  Medicine,  and  on  com- 
mittees of  a  number  of  organizations, 
among  them  the  National  Foundation  and 
the  Marine  Biological  Laboratory. 

Two  members  of  the  staff  took  part  in 
the  preparation  of  a  Voice  of  America 
program,  to  be  broadcast  principally  to 
Germany.    These  and  other  members  of 
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the  group  also  participated  in  teaching  in 
several  departments  of  the  Johns  Hopkins 
University  and  School  of  Medicine,  in- 
cluding Anatomy,  Biology,  Medicine,  Ob- 
stetrics, Pathobiology,  Pediatrics,  and 
Physiology. 

Seminars.  The  roster  of  speakers  at  the 
Seminar  organized  by  the  Department  to 
bring  together  students  in  the  several  fields 
bearing  on  the  problems  of  development — 
biochemistry,  embryology,  genetics,  and 
immunology,  to  name  only  a  few — in- 
cluded Dr.  Alain  Bussard,  Institut  Pasteur, 
Paris;    Dr.    Jerome    Eisenstadt,    Brandeis 


University;  Dr.  Marvin  Fishman,  Public 
Health  Research  Institute,  New  York;  Dr. 
Daniel  S.  Lehrman,  Institute  of  Animal 
Behavior,  Rutgers  University;  Dr.  W.  R. 
M.  Morton,  University  of  Belfast,  Ireland; 
Drs.  M.  W.  Olsen  and  S.  L.  Scheinberg, 
U.  S.  Department  of  Agriculture,  Belts- 
ville;  Dr.  Patricia  P.  Scott,  Royal  Free 
Hospital  Medical  School,  London;  Dr. 
Peter  S.  Silver,  Middlesex  Hospital  Medi- 
cal School,  London;  Drs.  W.  H.  Telfer 
and  C.  E.  Wilde,  Jr.,  University  of  Pennsyl- 
vania; and  Dr.  Tapani  Vainio,  the  Wistar 
Institute. 
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Figs.  2  and  3.  Sections  of  uterus  of  rabbit  8  days  after  mating,  in  which  implantation  had 
been  partly  inhibited  by  oral  administration  of  Cardrase.  Silver  nitrate  perfusion.  Fig.  2,  nearly 
normal  implantation  site,  X7;  Fig.  3,  severely  stunted  implantation  site,  X20. 
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Fig.  4.     Higher  magnification  of  one  region  of  uterus  shown  in  figure  3.    X400. 
Fig.  5.     Normal  implantation  site  in  the  rabbit,  8  days  after  mating.    Silver  nitrate  perfusion. 
Compare  with  figure  4.    X200. 
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Figs.  6-11.     Transverse  sections  of  embryo,  Carnegie  8929,  6.35  mm.    Age  group  xv. 

Abbreviations:  s-t,  sternomastoid-trapezius  premuscle  mass;  s,  sternomastoid;  /,  trapezius;  m, 
myotome  premuscle  mass;  a,  accessory  nerve;  v,  vagal  ganglion;  h,  hypoglossal  rootlets;  c,  cer- 
vical nerve (s);  acv ,  anterior  cardinal  vein;  r,  rhomboidei. 
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Figs.  12-17.     Transverse  sections  of  embryo,  Carnegie  6517,  10.56  mm.    Age  group  xvi.   Abbre- 
viations as  for  plate  3. 
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Figs.  18-24.     Transverse    sections   of   embryo,   Carnegie    6524,    11.76    mm.     Age    group    xviii. 
Abbreviations  as  for  plate  3. 
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Plate  7 
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Fig.  29.  Embryo  explanted  by  New  technique  at  stage  8;  0.025  ug  antimycin  A  added  to  albu- 
men; cultured  for  20  hours. 

Fig.  30.  Embryo  explanted  by  New  technique  at  stage  5;  0.01  ug  antimycin  A  applied  to 
ventral  surface;  cultured  for  19  hours. 

Fig.  31.  Transverse  section  of  embryo  explanted  by  New  technique  at  stage  8;  0.02  ug  anti- 
mycin A  added  to  albumen;  cultured  for  19  hours. 

Fig.  32.  Embryo  explanted  by  New  technique  at  stage  7;  0.01  ug  antimycin  A  applied  to 
ventral  surface;  cultured  for  20  hours. 
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Fig.  33.  Sedimentation  patterns  of  a-crystallin 
from  cortical  fibers  of  adult  bovine  lens.  The 
sedimentation  patterns  were  determined  within 
1  hour  after  adjusting  the  protein  to  the  desig- 
nated pH  with  NaOH. 

(a)  In  0.02  M  NaCl;  pH  6.8;  S20  =  18. 

(b)  In  0.02  M  NaCl;  pH  7.8;  520  =  17  and  9. 

(c)  In  0.02  M  NaCl;  pH  10;  S,0=\4  and  7. 

(d)  Transformed  a-crystallin  in  0.02  M  NaCl;  pU  6.8;  5.1()=14. 

(e)  In  0.075  M  sodium  veronal,  0.025  M  NaCl;  pU  7;  S2Q-\7  and  11. 


Fig.  34.  Electrophoresis  of  a-crystallin  from  adult  bovine  cortical  lens  fibers.  The  buffer  used 
is  the  same  as  that  in  figure  33e.  The  pattern  shows  the  descending  boundary  after  6  hours  of 
electrophoresis.    Motility  =  5.6  cm2  volt-1  sec-1. 
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Fig.  35.  Ouchterlony  agar-gel  diffusion  test 
of  an  antispore  serum  against  extracts  (made  at 
0.014  u)  of  cells  from  different  stages  of  devel- 
opment. The  central  well  contains  serum  2. 
Arrangement  of  the  various  extracts  in  the  pe- 
ripheral wells  is  as  follows: 
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Interphase 
Aggregation 
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Fig.  36.  Ouchterlony  agar-gel  diffusion  test 
of  an  antispore  serum  against  extracts  (made 
at  0.014  u)  of  cells  from  different  stages  of 
development.  The  central  well  contains  serum  6. 
Arrangement  of  the  various  extracts  in  the 
peripheral  wells: 

Spore 
Interphase  Pseudoplasmodium 

Vegetative  Aggregation 

Extractant 


Fig.  37.  Ouchterlony  agar-gel  diffusion  test 
of  an  antispore  serum  against  extracts  (made  at 
0.20  |i)  of  cells  from  different  stages  of  develop- 
ment. The  central  well  contains  serum  4.  Ar- 
rangement of  the  various  extracts  in  the  pe- 
ripheral wells: 

Spore 

Pseudoplasmodium 
Bacteria  (E.  col/) 
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INTRODUCTION 


Staff 


No  major  changes  took  place  among  the 
research  star?  during  the  year  1959-1960. 
Dr.  Frank  Mukai,  who  continued  to  col- 
laborate with  Streisinger,  held  a  Carnegie 
Institution  Fellowship  until  October  1959, 
when  he  was  awarded  a  postdoctoral  fel- 
lowship grant  by  the  National  Institutes  of 
Health,  U.  S.  Public  Health  Service.  Dr. 
Edward  H.  Simon,  also  the  recipient  of  a 
National  Institutes  of  Health  postdoctoral 
fellowship  grant,  joined  Hershey's  group 
in  October  1959.  Beginning  in  September 
1959,  Dr.  Dipti  Mukherjee,  of  Calcutta, 
India,  spent  nine  months  with  Kaufmann's 
group  as  a  Smith-Mundt  Scholar,  spon- 
sored by  the  Institute  of  International  Edu- 
cation. Dr.  J.  S.  Bakshi,  of  Bareilly,  India, 
spent  about  two  months  in  Demerec's 
laboratory  during  the  fall  of  1959,  learning 
the  principal  techniques  developed  there 
for  studies  in  bacterial  genetics. 

After  presenting  a  paper  at  a  symposium 
on  "Immediate  and  Low  Level  Effects  of 
Ionizing  Radiations"  held  in  Venice  in  late 
June  1959,  Demerec  delivered  lectures  at 
laboratories  in  Milan  and  Zagreb.  Kauf- 
mann  attended  a  meeting  of  the  Society 
for  Experimental  Biology  in  Copenhagen 
during  August,  lectured  in  Copenhagen 
and  Stockholm,  and  later  in  the  month 
gave  an  invitation  paper  at  a  meeting  of 
the  Faraday  Society  in  Cambridge,  Eng- 
land. Streisinger  went  to  Copenhagen  in 
mid-September  to  attend  a  working  con- 
ference on  "Genetic  Control  of  Protein 
Specificity."  In  June  1960,  Streisinger  par- 
ticipated in  the  Gordon  Conference  on 
"Proteins  and  Nucleic  Acids"  at  Laconia, 
New  Hampshire. 

At  the  invitation  of  the  Rockefeller 
Foundation,  McClintock  spent  the  periods 
from  early  June  through  August  and  from 
mid-December  to  mid-February  in  Mexico 
City,  conducting  an  analysis  of  the  rela- 
tions among  races  of  maize  in  Mexico  and 


Central  America,  under  the  sponsorship 
of  the  Mexican  Agricultural  Program  of 
the  Rockefeller  Foundation  in  conjunction 
with  the  Escuela  Nacional  de  Agricultura 
at  Chapingo. 

Research 

The  recent  work  of  Demerec  and  his 
group  has  been  concerned  with  the  changes 
responsible  for  various  types  of  spontane- 
ous and  induced  mutants,  the  fine  struc- 
ture of  certain  gene  loci,  the  properties  of 
allelic  mutants,  and  the  arrangement  of 
genetic  markers  on  the  bacterial  chromo- 
some. Their  studies  have  been  carried  out 
with  Salmonella  typhimurium  and  hy- 
brids obtained  by  crossing  S.  typhimurium 
with  Escherichia  coli. 

Mutations  in  the  cysC  region  of  the 
chromosome  afford  excellent  material  for 
comparative  investigations  of  single-site 
mutations  and  deletions,  because  that  re- 
gion has  a  much  higher  frequency  of  spon- 
taneously occurring  deletions  (about  40 
per  cent)  than  the  other  known  regions  of 
the  chromosome  (about  4  per  cent).  The 
results  of  such  a  study  indicate  that  two 
basically  different  mechanisms  give  rise  to 
deletion  mutants  and  to  single-site  mu- 
tants. Both  processes  are  affected  by  ultra- 
violet radiation  and  by  the  factors  that 
bring  about  spontaneous  mutation,  but 
mutator  genes  and  the  chemical  mutagen 
2-aminopurine  affect  only  the  mechanism 
responsible  for  single-site  mutants. 

Of  the  29  deletions  analyzed,  25  are  long 
and  extend  over  very  similar  areas  of  the 
cysC  locus.  Results  of  the  analysis  support 
the  inference  that  the  sections  of  the  locus 
containing  the  two  ends  of  the  deletions 
are  homologous  (duplicated)  ;  that  during 
chromosomal  reproduction  the  duplicated 
portions  occasionally  synapse,  causing  the 
formation  of  a  loop  of  predetermined  size; 
and  that  in  replication  the  looped  segment 
is  left  out,  so  as  to  produce  deletions  of 
approximately  the  same  length. 
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Lahr's  studies  of  a  series  of  39  arginine- 
requiring  mutants  have  shown  that  seven 
gene  loci  are  involved  in  the  control  of 
arginine  biosynthesis.  Mutations  in  four 
of  them  block  the  synthesis  before  orni- 
thine; in  one,  between  ornithine  and  citrul- 
line;  and  in  two,  between  citrulline  and 
arginine.  Three  of  the  arg  loci  are  closely 
linked. 

In  collaboration  with  Lahr,  Demerec  has 
investigated  the  genetics  of  bacterial  re- 
sistance to  high  concentrations  of  strepto- 
mycin. It  appears  probable  that  one  gene 
locus  controls  both  streptomycin  resistance 
and  streptomycin  dependence.  Frequently, 
it  was  found,  a  newly  originated  strepto- 
mycin-resistant mutant  requires  thiamine, 
or  thiamine  and  nicotinic  acid.  One  re- 
sistant mutant  required  arginine.  This 
finding  is  consistent  with  the  hypothesis 
that  a  thiamine-nicotinic  acid  locus  is 
present  on  one  side  of  the  streptomycin 
locus  and  an  arginine  locus  on  the  other, 
and  that  their  functioning  is  occasionally 
affected  by  str-r  mutations. 

Miyake  has  succeeded  in  transferring 
from  E.  coli  to  S.  typhimurium  the  factor 
responsible  for  high  frequency  of  recom- 
bination (Hfr),  and  a  hybrid  strain  carry- 
ing Hfr  is  being  extensively  utilized  in  ex- 
periments aimed  at  constructing  a  genetic 
map  of  the  Salmonella  chromosome.  A 
"progress  map"  has  been  compiled  by 
Ishidsu. 

Twenty -two  mutant  markers  of  the  tryC 
and  tryD  loci  have  been  mapped  and 
analyzed  by  Balbinder.  He  has  studied 
their  patterns  of  spontaneous  mutability 
and  mutability  induced  by  5-bromouracil, 
2-aminopurine,  diethyl  sulfate,  (3-propiolac- 
tone,  and  ultraviolet  radiation;  their  com- 
plementation relationships;  suppressors 
that  afTect  them;  and  the  exceptional  be- 
havior of  certain  alleles  in  recombination. 
Particularly  interesting  results  were  ob- 
tained in  the  recombination  studies.  The 
behavior  of  three  tryD  alleles  indicated 
that  the  occurrence  of  an  exchange  within 
a  short  region  to  one  side  of  any  of  them 


increased  the  probability  of  another  ex- 
change within  a  short  adjacent  region  on 
its  other  side.  One  of  these  aberrant  alleles 
had  previously  been  employed  in  three- 
point  transduction  tests,  the  results  of 
which  indicated  that  the  order  of  the  four 
try  loci  was  tryD-C-B-A,  whereas  current 
tests  made  with  other  alleles  have  shown  it 
to  be  tryC-D-B-A.  As  the  work  of  Yanof- 
sky  and  his  group  with  E.  coli  has  demon- 
strated, however,  tryC  and  tryD  control 
two  components  of  the  enzyme  tryptophan 
synthetase,  and  therefore  this  finding  does 
not  affect  the  original  conclusion  (see  Year 
Book  54)  that  the  arrangement  of  try  loci 
on  a  linkage  map  coincides  with  the  se- 
quence of  the  biochemical  reactions  they 
control. 

Hershey  and  Burgi  have  shown,  by  chro- 
matographic analysis  of  DNA  extracted 
from  phage  particles  by  phenol,  that  with 
suitable  precautions  the  DNA  can  be  ex- 
tracted without  breakage.  Other  physical 
methods  indicate  a  possible  molecular 
weight  of  50  million,  which  suggests  that 
there  may  be  two  molecules  of  DNA  per 
phage  particle.  Working  in  Hershey's 
group,  Minagawa  has  demonstrated  that 
the  internal  protein  later  to  be  incorporated 
into  phage  T2  particles  starts  to  form  im- 
mediately after  infection  of  bacteria  with 
the  phage.  Synthesis  of  that  protein  is 
therefore  initiated  by  the  parental  phage 
DNA  and  is  independent  of  the  synthesis 
of  other  phage  proteins,  which  start  to 
form  considerably  later,  after  new  DNA 
synthesis  begins.  Simon  has  found  that 
the  target  in  infected  bacteria  which  is 
sensitive  to  ultraviolet  light  and  respon- 
sible for  phage  production  and  genetic  re- 
combination between  phages  evolves  in 
parallel  with  DNA  synthesis,  not  with 
protein  synthesis.  This  conclusion  is  in- 
compatible with  the  idea  that  genetic  re- 
production involves  transfer  of  informa- 
tion from  DNA  to  protein  and  back  again. 

Streisinger  and  Mukai  have  developed 
methods  for  selecting  mutants  of  phage  T4 
that  produce  a  changed  lysozyme.   They 
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have  begun  an  analysis  of  the  fine  struc- 
ture of  the  responsible  gene,  and  have  also 
undertaken  a  study  of  the  role  of  the 
lysozyme  in  the  life  cycle  of  the  bacterio- 
phage. The  lysozyme  molecule  is  a  small 
one,  containing  about  150  amino  acids, 
and  should  be  easy  to  analyze.  This  sys- 
tem is  expected  to  be  useful  for  a  study  of 
the  molecular  relations  between  a  gene  and 
its  product  protein. 

Kaufmann's  finding,  reported  in  Year 
Book  58,  that  the  enzyme  deoxyribonu- 
clease  has  mutagenic  properties  when  in- 
jected into  males  of  Drosophila  melano- 
gaster  has  been  confirmed  in  more  exten- 
sive studies.  As  well  as  inducing  sex-linked 
lethals  and  chromosomal  rearrangements, 
which  were  detected  in  the  original  ex- 
periments, this  enzyme  has  now  been 
found  capable  of  producing  dominant  le- 
thal effects  that  impair  the  viability  of 
individuals  receiving  the  treated  chromo- 
somes in  fertilization.  The  mutagenic  ac- 
tion of  a  "mild  and  naturally  occurring" 
chemical  agent,  under  specific  conditions 
of  treatment,  has  thus  been  clearly  dem- 
onstrated. 

Gay  has  extended  her  radioautographic 
studies  of  the  pattern  of  incorporation  of 
tritiated  thymidine  into  developing  sali- 
vary-gland chromosomes  of  Drosophila. 
Her  findings  suggest  that  replication  of 
the  relatively  few  chromonemata  in  the 
chromosome  of  the  young  larva  to  form 
the  multitude  of  strands  that  characterize 
the  chromosome  of  the  fully  developed 
larva  is  a  continuous  process  throughout 
larval  development. 

In  the  area  of  electron  microscopy,  Gay 
has  studied  the  fine  structure  of  the  testis 
sheath  in  three  strains  of  the  meal  moth, 
Ephestia,  in  collaboration  with  our  former 
staff  member  Ernst  Caspari.  A  yellow  pig- 
ment containing  riboflavin  appears  in  the 
outer  layers  of  the  testis  sheath  in  the  wild- 
type  pupa,  is  more  abundant  in  the  aa 
strain,  but  is  virtually  absent  in  the  wa 
strain.  Preliminary  results  of  the  study 
suggest  that  these  three  strains  differ  in 


the  time  of  initiation  of  the  chemical- 
reaction  system  that  produces  the  ribo- 
flavin-containing  structures.  It  thus  ap- 
pears that  electron  microscopy  has  pro- 
vided a  visual  demonstration  of  the  mode 
of  action  of  a  series  of  allelic  genes. 

Mukherjee  has  joined  Gay  in  continuing 
an  electron-microscope  analysis  of  the  later 
stages  of  spermiogenesis  in  D.  melano- 
gaster.  As  the  spermatid  nucleus  elongates, 
the  chromosomes  become  appressed  to  one 
side,  leaving  an  area  of  nucleoplasm  that 
is  subsequently  sloughed  off  to  form  a 
slender  spoon-shaped  nuclear  structure. 
Even  at  late  spermatid  stages  the  two  cells 
derived  from  a  secondary  spermatocyte 
may  still  remain  connected  in  the  tail  re- 
gions by  intercellular  bridges. 

Bal  has  also  employed  electron  micros- 
copy to  extend  his  investigation  of  the 
meiotic  prophases  and  the  postmeiotic  mi- 
toses leading  to  formation  of  the  male 
gametes  in  the  spiderwort  Trade scantia. 
The  development  of  excellent  techniques 
has  permitted  a  demonstration  of  pairing 
cores  and  the  fine  fibrillar  organization  of 
chromosomal  and  attachment-plate  ma- 
terials during  early  meiotic  prophases.  The 
vegetative  nucleus  in  the  pollen  grain  dis- 
plays structural  features  suggestive  of 
amoeboid  activity.  It  is  assumed  that  this 
nucleus  gives  rise  to  cytoplasmic  organelles 
by  a  process  analogous  to  the  blebbing 
phenomenon  discovered  by  Gay  in  Dro- 
sophila. 

By  means  of  quantitative  spectropho- 
tometry Dutt  has  shown  that  gigantism 
among  the  progeny  of  irradiated  skin  fibro- 
blasts of  human  origin  (a  stable  diploid 
line)  growing  in  tissue  culture  involves, 
in  some  cells,  an  increase  in  amount  of 
DNA  and  perhaps  a  change  in  the  DNA- 
to-histone  ratio.  In  other  cells,  however, 
enlargement  appears  to  be  due  to  swelling 
of  structural  nucleoproteins  without  any 
marked  increase  in  DNA  content. 

McDonald  has  continued  her  study  of 
deoxyribonuclease  from  salmon  testes.  The 
methods  she  has  developed  during  the  past 
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three  years  for  extracting,  concentrating, 
and  purifying  this  enzyme  now  yield  a 
fraction  that  contains  85  per  cent  of  the 
activity  present  in  the  testes  and  only  0.05 
per  cent  of  the  protein  found  in  aqueous 
extracts  of  the  tissue.  The  purified  enzyme 
has  a  pH.  optimum  of  4.8  and  a  tempera- 
ture optimum  of  55  °C.  Electrolytes  are  es- 
sential for  the  expression  of  its  activity; 
monovalent  ions  satisfy  the  requirement, 
but  divalent  ones  are  much  more  effective. 
Above  a  certain  optimum  concentration, 
each  electrolyte  is  inhibitory. 

Salts  also  have  a  marked  effect  on  the 
action  of  trypsin  on  its  zymogen,  trypsino- 
gen.  At  least  two  proteins  can  be  formed, 
one  having  proteolytic  activity  and  the 
other  not.  Both  reactions  occur  simultane- 
ously, and  the  proportions  of  the  two  prod- 
ucts depend  on  the  type  of  electrolyte  pres- 
ent in  the  reaction  mixture.  Little  is  known 
about  the  underlying  mechanisms  of  these 
salt  effects,  but  preliminary  studies  by 
McDonald  indicate  that  their  action  is 
upon  the  zymogen  rather  than  upon  the 
enzyme.  She  is  now  characterizing  the 
"inert"  protein  in  order  to  simplify  the 
problem. 

Studies  of  chromosome  constitutions  of 
races  of  maize  from  Mexico,  Central 
America,  and  the  Antilles  were  under- 
taken by  McClintock  during  the  past  year 
at  the  invitation  of  the  Rockefeller  Foun- 
dation. Members  of  the  Foundation  asso- 
ciated with  its  agricultural  program  in 
Mexico  had  collected,  analyzed,  and  classi- 
fied into  races  the  very  diverse  types  of 
maize  within  this  large  area.  Chromo- 
somes of  plants  of  some  of  the  most  repre- 
sentative races  were  examined,  in  order 
to  determine  to  what  extent  differences  in 
constitution  might  reveal  the  origins  of 
races  and  the  degrees  of  relationship 
among  them.  A  previous  study  of  similar 
type,  concerned  with  races  of  several  South 
American  countries,  had  suggested  the  po- 
tential value  of  such  knowledge  for  that 
purpose.  On  the  basis  of  both  studies  it  is 
concluded  that  there  were  several  distinctly 


different  early  types  of  maize,  each  hav- 
ing a  particular  chromosome  organization 
whose  components  may  be  recognized  in 
present-day  maize.  In  a  few  areas  of  both 
North  and  South  America,  the  germplasm 
of  one  or  another  of  these  early  types  still 
predominates;  but  mixture  of  types  is  evi- 
dent in  all  areas,  the  degree  depending  on 
the  area  and  reflecting  to  a  large  extent  its 
cultural  history.  Early  introduction  of 
maize  of  different  origins  into  an  area, 
such  as  the  Central  Mesa  of  Mexico,  re- 
sulted in  extensive  mixing  of  components 
of  each  type  throughout  the  plants  of  the 
region;  and  this  process  appears  to  have 
been  responsible  for  the  origin  of  some  old 
but  still  well  established  races.  Recent  in- 
troductions are  also  detectable,  and  in  sev- 
eral instances  the  source  of  the  introduced 
maize  is  indicated  not  only  by  plant  char- 
acters but  also  by  chromosome  constitu- 
tions. The  findings  suggest  that  in  Mexico, 
Guatemala,  and  the  lowland  regions  of 
western  South  America  hybridization  has 
played  a  predominant  role  in  the  origin  of 
new  races.  In  contrast,  mutation  appears 
to  have  played  the  major  part  in  the  origin 
of  many  races  now  growing  in  the  high 
Andean  valleys,  from  central  Chile  to  Co- 
lombia. 

Other  Activities 

The  Drosophila  Educational  Project, 
now  twenty-one  years  old,  was  more  ac- 
tive than  in  any  previous  year.  A  total  of 
1876  Drosophila  cultures  were  requested 
by  students  and  teachers  in  46  states  and 
in  Canada,  Colombia,  Germany,  and  Italy. 
In  addition,  several  hundred  copies  of  the 
laboratory  manual  Drosophila  Guide,  by 
Demerec  and  Kaufmann,  were  distributed 
to  teachers  and  science  clubs. 

Drosophila  Information  Service,  a  bulle- 
tin designed  to  maintain  close  contact 
among  Drosophila  laboratories  and  to  aid 
research  workers  in  their  studies,  was  in- 
stituted at  the  Department  of  Genetics  in 
1933  by  the  late  Calvin  B.  Bridges  and 
M.  Demerec.    Through  the  collaboration 
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of  Drosophila  geneticists  in  all  parts  of  the 
world,  this  undertaking  has  expanded 
steadily  throughout  the  years.  The  current 
issue,  DIS-33,  lists  989  workers  in  its  Di- 
rectory, and  incorporates  material  received 
from  191  laboratories  in  29  countries.  With 
this  issue,  Demerec  completed  his  last  year 
as  editor  of  DIS,  which  in  the  future  will 
be  prepared  elsewhere  under  the  direction 
of  Professor  E.  Novitski. 

The  Department  continued  to  cooperate 
in  the  preparation  of  Microbial  Genetics 
Bulletin,  compiled  and  edited  by  Dr.  Eve- 
lyn M.  Witkin,  of  the  College  of  Medicine 
of  the  State  University  of  New  York. 
Number  17,  issued  in  January  1960,  was 
mimeographed  and  prepared  for  mailing 
here. 

The  report  of  the  librarian,  Mrs.  G.  C. 
Smith,  records  the  addition  of  289  volumes 
during  the  year,  of  which  39  were  pur- 
chased, 45  were  gifts  or  exchanges  from 
other  research  institutions  or  libraries,  and 
205  were  newly  bound  collections  of  peri- 


odicals. The  total  number  of  books  cata- 
logued, exclusive  of  unbound  publications, 
is  now  19,413.  Four  hundred  and  thirty- 
seven  periodicals  and  serial  publications 
were  received  regularly.  Of  the  538  books 
and  periodicals  loaned  during  the  year,  270 
were  borrowed  by  investigators  and  visi- 
tors at  the  Biological  Laboratory  of  the 
Long  Island  Biological  Association.  The 
Department  received  interlibrary  loan  serv- 
ice from  the  American  Museum  of  Natu- 
ral History,  Boston  University,  Brook- 
haven  National  Laboratory,  the  New  York 
Botanical  Garden,  and  the  University  of 
Chicago,  and  extended  its  facilities  to  the 
Albert  Mann  Library,  Brookhaven  Na- 
tional Laboratory,  Glen  Cove  Community 
Hospital,  Haskins  Laboratories,  C.  W. 
Post  College,  the  Quartermaster  Research 
and  Engineering  Center  in  Natick,  Massa- 
chusetts, St.  Lawrence  University,  the  State 
University  College  on  Long  Island,  Time 
and  Life  magazines,  the  University  of 
Rochester,  and  the  Wilbur  Cross  Library 
in  Storrs,  Connecticut. 


GROWTH  AND  INHERITANCE  IN  BACTERIOPHAGE 

A.  D.  Hershey,  Elizabeth  Burgi,  Carlo  Cocito,  Laura  Ingraham,  Edward  H.  Simon, 

and  Teiichi  Minagawa 


According  to  views  widely  held  at  the 
present  time,  the  sole  carrier  of  hereditary 
information  in  most  organisms  is  deoxy- 
ribonucleic acid  (DNA) .  If  so,  the  species 
character  is  a  manifold  message  written  in 
at  least  two  codes.  One  code  is  never 
broken,  but  serves  to  ensure  that  DNA 
molecules  are  reproduced  without  change. 
Other  codes  are  translated  into  action 
through  irreversible  processes  by  which  the 
varied  potentialities  of  the  species  are  ex- 
pressed. In  protein  synthesis,  for  example, 
the  translator  is  thought  to  be  ribonucleic 
acid  (RNA),  which,  guided  by  a  certain 
sequence  of  bases  in  DNA,  responds  by 
directing  a  certain  sequence  of  amino  acids 
in  protein. 

At  present,  actual  knowledge  of  this 
scheme  goes  little  beyond  the  generalities 
of  the  preceding  paragraph.   The  scheme 


itself  is  not  merely  verbal,  however;  it  sug- 
gests numerous  ways  in  which  it  might  be 
invalidated.  For  some  tests  of  the  scheme, 
experimental  study  of  phage  infection  is 
particularly  appropriate.  When  a  bac- 
terium is  infected  with  a  particle  of  bac- 
teriophage T2,  the  consequences  of  the 
literal  substitution  of  one  DNA  for  an- 
other in  an  otherwise  nearly  constant  meta- 
bolic system  can  be  observed. 

The  goal  of  our  work  is  sufficiently  in- 
dicated by  the  foregoing  remarks.  In  the 
long  run,  however,  no  scheme  can  be 
tested  short  of  learning  the  details  of  its 
operation.  This  is  evidently  a  task  for  gen- 
erations of  biologists.  We  report  below 
what  we  hope  is  perceptible  progress. 

Our  work  is  supported  in  part  by  a  grant 
(C-2158)  from  the  National  Institutes  of 
Health,  U.  S.  Public  Health  Service.   Si- 


422        CARNEGIE  INSTITUTION  OF  WASHINGTON 


mon  holds  a  postdoctoral  fellowship  from 
the  National  Institutes  of  Health. 

Metabolic  Categories  of  Ph age-Specific 
Protein 

Several  phage-specific  proteins  have  been 
recognized  in  bacteria  infected  with  T2: 
an  enzyme  that  hydroxymethylates  deoxy- 
cytidilic  acid;  a  lysozyme  operative  in  bac- 
terial lysis;  the  phage-coat  proteins;  an  in- 
ternal protein  fraction  found  in  phage 
particles;  and  a  major  constituent  of  this 
fraction,  called  internal  antigen,  identi- 
fiable by  serologic  tests.  These  proteins 
have  been  studied  by  various  investigators, 


step  in  phage  growth.  No  clue  to  its  func- 
tion has  been  found,  however. 

Proteins  of  class  2,  exemplified  by  the 
phage-coat  materials,  do  not  start  to  form 
until  several  minutes  after  infection,  at 
about  the  time  synthesis  of  DNA  begins. 
They  are  not  formed  in  cells  infected  with 
irradiated  phage  particles.  Irradiation  of 
cells  some  minutes  after  infection,  how- 
ever, especially  cells  in  which  phage-pre- 
cursor  DNA  has  been  allowed  to  accumu- 
late in  the  presence  of  chloramphenicol, 
does  not  prevent  subsequent  synthesis  of 
class  2  proteins.  Evidently  the  synthesis 
of  these  proteins  depends  on  a  DNA  func- 


TABLE  1.    Phage-Specific  Proteins  in  T2-Infected  Bacteria 
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necessarily  by  different  methods,  but  some 
degree  of  correlation  is  now  possible.  An 
attempt  at  classification  is  presented  in 
table  1. 

The  table  reveals  two  metabolic  classes 
of  phage-specific  proteins  synthesized  in 
infected  bacteria.  Proteins  of  class  1,  ex- 
emplified by  the  internal  protein,  are  syn- 
thesized without  delay  after  infection,  and 
can  be  synthesized  in  bacteria  "infected" 
with  phage  particles  killed  by  ultraviolet 
light,  under  conditions  in  which  nucleic 
acid  synthesis  fails.  Presumably  the  syn- 
thesis of  these  proteins  is  initiated  by  the 
DNA  of  the  infecting  phage  particles.  The 
biological  reason  for  early  synthesis  is  ob- 
vious in  the  case  of  the  hydroxymethylat- 
ing enzyme,  which  is  needed  before  DNA 
synthesis  can  start.  Perhaps  the  internal 
protein  also  is  prerequisite  to  some  early 


tion  that  is  not  itself  sensitive  to  ultraviolet 
light  but  can  be  performed  only  after  the 
cell  contains  relatively  large  amounts  of 
DNA.  Either  cooperative  action  among 
DNA  molecules  is  necessary  for  measur- 
able class  2  protein  synthesis  or,  more 
likely,  these  proteins  are  synthesized  dur- 
ing a  particular  developmental  stage, 
which  itself  depends  on  one  or  more  prior 
events.  With  respect  to  the  coat  proteins, 
it  is  reasonable  to  assume  that  the  critical 
stage  would  be  the  transition  from  the  ex- 
tended to  the  condensed  configuration  of 
DNA  accompanying  the  formation  of 
phage  particles.  Minagawa's  recent  find- 
ing that  the  phage  lysozyme  also  begins 
to  form  late  is  not  intelligible  under  this 
hypothesis,  however.  Identification  of  the 
mechanism  controlling  the  time  of  expres- 
sion of  different  DNA  functions  may  be 
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considered  a  central  problem  of  biological 
development.  Concerning  it,  one  must  tol- 
erate ignorance  and  cultivate  receptivity 
to  ideas. 

Analysis  of  Intr abacterial  RNA 

It  is  now  recognized  that  bacteria  in- 
fected with  phage  T2  synthesize  RNA, 
though  little  is  known  about  the  rates  or 
kinds.  Volkin  and  Astrachan  obtained 
evidence  suggesting  that  the  RNA  formed 
after  infection  differs  from  the  whole  in- 
trabacterial  RNA.  In  general,  this  might 
mean  that  the  RNA  formed  is  character- 
istic of  the  infection,  or  that  the  infection 
merely  alters  the  proportions  of  the  sev- 
eral types  of  RNA  formed  in  uninfected 
bacteria.  With  these  and  related  questions 
in  mind,  Coeito  has  explored  the  possi- 
bility of  applying  to  them  chromatographic 
methods  originally  developed  in  this  lab- 
oratory for  analysis  of  deoxyribonucleic 
acids.  His  preliminary  results  may  be  sum- 
marized as  follows. 

Chromatography,  employing  a  fraction- 
ating column  in  which  the  active  principle 
is  basic  protein,  separates  two  classes  of 
RNA  from  either  infected  or  uninfected 
bacteria.  They  correspond  to  the  "soluble" 
RNA  and  "ribosomal"  RNA  previously 
identified  in  uninfected  bacteria.  So  far 
there  is  no  indication  that  ribonucleic  acids 
synthesized  after  infection  can  be  sepa- 
rated by  chromatography  from  their  coun- 
terparts extracted  from  uninfected  bacteria. 
In  infected  bacteria,  both  types  of  RNA 
are  formed,  apparently  about  as  fast  as  they 
are  formed  in  uninfected  bacteria,  but  do 
not  accumulate  because  they  are  rapidly 
destroyed  again.  Ribosomal  RNA  in  in- 
fected bacteria  (identified  by  chromatog- 
raphy) differs  metabolically  from  ribo- 
somal RNA  (actually  in  ribosomal  parti- 
cles) in  uninfected  bacteria.  Only  the 
former  exchanges  phosphorus  atoms  rap- 
idly with  other  intrabacterial  constituents. 

Evidently  these  results  do  not  contradict 
the  idea  that  synthesis  of  a  protein  must 
be  preceded  by  the  synthesis  of  one  or 


more  ribonucleic  acids  of  corresponding 
specificity. 

The  DNA  in  Phage  Particles 

Last  year  we  reported  the  extraction  of 
DNA  from  phage  particles  in  a  form  that 
proved  to  be  chromatographically  homo- 
geneous. By  applying  the  same  methods  of 
analysis  (chromatography  on  a  column 
of  basic  protein),  Burgi  and  Hershey  have 
now  shown  that  the  column  is  capable  of 
resolving  DNA,  artificially  rendered  het- 
erogeneous by  stirring,  into  numerous 
molecular-weight  classes.  Half  molecules 
and  quarter  molecules  can  be  identified 
and  isolated  without  resort  to  molecular- 
weight  measurements,  because  stirring  a 
homogeneous  collection  of  DNA  mole- 
cules at  a  critical  minimum  speed  breaks 
most  of  them  near  their  centers.  The  ma- 
jority class  can  then  be  purified  by  chro- 
matographic fractionation.  Measurements 
of  sedimentation  coefficient  show  that  the 
column  can  resolve  10  or  more  classes  be- 
tween whole  molecules  (s=63)  and  half 
molecules  (s—43),  and  a  similar  number 
in  the  range  between  half  molecules  and 
quarter  molecules  (^  =  30).  The  sedimen- 
tation coefficient  and  intrinsic  viscosity  of 
quarter  molecules  correspond  to  a  molecu- 
lar weight  of  about  13  million  according  to 
the  calibration  curve,  based  on  light-scat- 
tering measurements,  obtained  by  Doty 
and  his  collaborators.  If  this  estimate  is  cor- 
rect, a  particle  of  phage  T2  contains  two 
molecules  of  identical  molecular  weight, 
50  million,  one  or  both  of  which  must 
make  up  the  phage  chromosome.  Some 
other  types  of  measurement  do  not  yet 
yield  results  consistent  with  the  interpre- 
tation stated,  and  work  along  these  lines 
is  being  continued. 

Phage-Precursor  DNA 

Simon  has  compared  the  DNA  in  phage 
particles  with  DNA  (synthesized  in  the 
presence  of  chloramphenicol  and  labeled 
with  radiophosphorus)  extracted  from  in- 
fected bacteria.  He  finds  that  an  appreci- 
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able  part  of  the  phage-precursor  DNA  is 
identical  in  chromatographic  properties  to 
that  contained  in  phage  particles.  Difficul- 
ties with  the  methods  of  extraction  have 
so  far  prevented  a  complete  account  of  the 
intrabacterial  DNA. 

DNA  Synthesis  and  Evolution  of 
Radiation  Resistance 

When  bacterial  cultures  infected  with 
phage  T2  are  irradiated  with  ultraviolet 
light  at  various  times,  to  measure  the  re- 
sistance to  irradiation  of  the  phage-produc- 
ing  ability  of  the  cells,  a  remarkable  in- 
crease in  resistance  is  observed  during  the 
first  10  minutes  or  so  after  infection  (Luria 
and  Latarjet).  Two  of  the  proposals  of- 
fered in  explanation  of  this  phenomenon 
will  be  mentioned  here.  Genetic  informa- 
tion carried  initially  by  DNA  may  be 
transferred  to  radiation-resistant  structures 
other  than  DNA,  for  example,  protein. 
Alternatively,  DNA  synthesis  itself,  by 
producing  multiple  and  interacting  sources 
of  identical  information,  may  produce  a 
radiation-resistant  complex,  as  it  is  known 
to  do  under  other  circumstances.  The  first 
explanation  is  inconsistent  with  the  gen- 
eral scheme  outlined  in  the  introduction 
of  this  report,  but  some  evidence  for  it  has 
been  brought  forward  in  the  past.  The 
following  results  obtained  by  Simon,  how- 
ever, tend  to  correlate  the  evolution  of  ra- 
diation resistance  with  DNA  synthesis. 

Under  the  conditions  employed,  resist- 
ance to  ultraviolet  light  begins  to  increase 
within  2  minutes  after  infection  of  bac- 
teria with  T2  and  reaches  a  maximum  at 
9  minutes.  If  chloramphenicol  is  added  to 
the  culture  at  any  time,  protein  synthesis 
stops  within  30  seconds.  What  effect  does 
the  inhibitor  have  on  the  evolution  of  ra- 


diation resistance  ?  Simon  finds  that,  when 
chloramphenicol  is  added  to  a  culture,  re- 
sistance to  irradiation  continues  to  increase 
in  qualitatively  the  same  way  as  in  the 
absence  of  the  inhibitor.  The  later  the  ad- 
dition of  chloramphenicol,  the  higher  is 
the  rate  of  evolution.  If  chloramphenicol 
is  added  2  minutes  after  infection,  no  re- 
sistance develops.  The  effect  of  the  in- 
hibitor on  rate  of  development  of  resist- 
ance is  thus  very  similar  to  its  (previously 
studied)  effect  on  rate  of  DNA  synthesis, 
not  to  its  effect  on  protein  synthesis.  Si- 
mon's results  are  contrary  to  those  of  pre- 
viously published  experiments  of  the  same 
type,  performed  under  different  conditions. 

Radiation  and  Genetic  Recombination 

A  rather  different  index  of  the  effect  of 
radiation  on  intrabacterial  DNA  is  gained 
by  measurements  of  recombination  fre- 
quency in  phage  crosses:  ultraviolet  irra- 
diation greatly  increases  the  frequency  of 
recombination.  Simon  has  inquired  how 
the  results  of  this  measurement  vary  with 
the  time  of  irradiation  of  the  culture.  He 
finds  that  a  given  dose  of  radiation  has  the 
same  effect  whether  applied  immediately 
after  infection,  at  6  minutes,  or  at  9  min- 
utes. This  finding  suggests  that  the  radia- 
tion-sensitive target  at  all  these  times  is 
DNA,  and  that  the  eventual  yield  of  phage 
particles  among  which  recombination  fre- 
quency is  scored  is  always  the  progeny  of 
the  irradiated  DNA.  Simon's  results  are 
in  agreement  with  earlier  results  of  the 
same  type  obtained  by  Burgi,  but  take  ad- 
vantage of  the  more  precise  measurements 
now  possible.  They  are  consistent  with  the 
idea  that  the  information  transfer  involved 
in  reproduction  is  directly  from  DNA  to 
DNA. 


GENETIC  STUDIES  WITH  BACTERIOPHAGE 

George  Streisinger,  Fran\  Mu\ai,  and  Bernadine  Miller 


Much  of  our  work  in  the  past  has  been 
directed  toward  the  development  of  a 
system  for  studying  the  molecular  rela- 
tions between  a  gene  and  its  product  pro- 


tein. Investigation  of  the  tail-fiber  protein 
of  bacteriophage  T2  and  its  controlling 
gene,  a  genetically  attractive  system,  foun- 
dered   because    the    protein    involved    is 
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large,  and  difficult  to  obtain  and  analyze. 

It  seemed  preferable  to  choose  a  small 
and  easily  isolated  protein,  and  to  attempt 
to  select  mutations  affecting  that  protein 
and  to  develop  techniques  for  their  ge- 
netic analysis. 

The  lysozyme  produced  in  bacteria  in- 
fected with  phage  T4  has  been  isolated  by 
Dreyer  and  his  collaborators  at  the  Na- 
tional Institutes  of  Health.  It  is  a  small 
protein  containing  about  150  amino  acids, 
and  is  thus  particularly  suitable  for  chemi- 
cal analysis.  We  have  succeeded,  in  col- 
laboration with  Dreyer,  in  isolating  mu- 
tants affecting  the  lysozyme.  The  system 
developed  promises  to  be  useful. 

Genetic  Analysis 

Recognition  of  mutants.  Standard-type 
phage  plaques,  when  exposed  to  chloro- 
form vapors,  are  surrounded  by  a  halo, 
caused  by  the  action  of  lysozyme  on  sensi- 
tized bacterial  cells.  Plaques  of  the  mutant 
phage  lack  halos  or  have  small  ones. 

Lysozyme  produced  by  mutant  phage. 
Pure  lysozyme  of  mutant  phage,  obtained 
by  repeated  column  chromatography,  is 
rapidly  inactivated  at  temperatures  that 
leave  pure  standard-type  lysozyme  intact. 
The  mutation  thus  seems  to  affect  the 
structure  of  the  lysozyme  molecule. 

The  selection  of  mutants.  To  select  the 
rare  mutants  that  are  present  in  a  popula- 
tion of  standard-type  phage,  bacteria  are 
infected  with  a  low  multiplicity,  incubated 
at  37°,  and  after  20  minutes  lysed  by  the 
addition  of  chloroform  in  the  presence  of 
antiphage  serum.  The  liberated  (stand- 
ard-type) phage  are  inactivated  by  the 
antiserum  and  are  removed  by  washing 
the  unlysed  bacteria;  the  mutant  phage 
are  then  liberated  by  artificially  lysing  the 
remaining  bacteria  with  chloroform  and 
egg-white  lysozyme.  This  procedure  en- 
riches for  mutants  a  thousand  fold. 

Mapping.  A  number  of  the  mutants 
selected  are  being  mapped,  and  procedures 
are  being  developed  for  detecting  and 
counting  a  few  recombinant  standard-type 
phage  among  many  parental  mutants. 


The  Function  of  Lysozyme  and  the 
Mechanism  of  Lysis 

Lysis  of  bacteria  infected  with  standard- 
type  or  with  mutant  phage.  Bacteria  in- 
fected with  certain  temperature-sensitive 
lysozyme  mutants  do  not  lyse  at  37° 
within  a  period  of  an  hour,  as  judged  by 
the  optical  density  of  the  culture  and  by 
lack  of  increase  in  the  number  of  plaque- 
forming  units.  Bacteria  infected  under 
identical  conditions  with  standard-type 
phage  do  lyse. 

The  first  step  of  lysis.  It  had  been  ex- 
pected that  phage  production  would  con- 
tinue past  the  normal  end  of  the  latent 
period  in  unlysed  bacteria  infected  with 
mutants.  This  is  not  so,  however.  Infected 
bacteria  can  be  artificially  lysed  with 
chloroform  and  egg-white  lysozyme;  the 
burst  size  after  artificial  lysis  at  30  minutes 
is  about  200  (as  is  that  of  cultures  infected 
with  standard-type  phage,  which  lyse  nor- 
mally). The  burst  size  does  not  increase 
within  an  hour.  It  seems  that  phage  pro- 
duction stops  at  what  would  normally  be 
the  end  of  the  latent  period,  even  in  the 
absence  of  lysis. 

The  cessation  of  phage  synthesis  can  be 
demonstrated  in  another  way.  Each  bac- 
terium infected  at  37°  with  mutant  phage, 
plated  within  20  minutes,  and  incubated  at 
30°  produces  a  plaque.  Presumably,  lyso- 
zyme can  be  synthesized  after  plating,  to 
permit  lysis  and  plaque  formation.  If  plat- 
ing is  delayed  longer  than  35  minutes, 
however,  only  a  small  percentage  of  the 
infected  bacteria  produce  plaques.  Lyso- 
zyme synthesis  apparently  cannot  take 
place  after  about  30  minutes. 

The  rate  of  metabolism  of  bacteria  in- 
fected with  mutant  phage  was  determined 
at  various  times  after  infection  by  measur- 
ing oxygen  uptake  in  a  Warburg  appa- 
ratus. The  oxygen  uptake  stops  about  30 
minutes  after  infection. 

We  conclude  that  lysis  is  normally  trig- 
gered by  the  interruption  of  metabolism 
about  25  minutes  after  infection.  In  the 
presence  of  lysozyme,  lysis  takes  place.   It 
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had  been  shown  by  Doermann  that  lysis 
can  be  induced  by  the  artificial  interrup- 
tion of  metabolism  through  the  addition 
of,  for  example,  potassium  cyanide.  Ap- 
parently, metabolism  either  prevents  the 
lysozyme  from  reaching  its  site  of  action 
or  else  permits  the  synthesis  of  bacterial 
cell-wall  material  at  a  faster  rate  than  its 
destruction. 

The  nature  of  lysis  inhibition.  Bacteria 
infected  with  T4r+c  phage  (e  designates 
the  lysozyme  gene,  r  the  "rapid  lysis" 
gene),  and  about  13  minutes  later  superin- 
fected  with  5  or  more  phage  particles  (of 
any  kind),  do  continue  synthesizing  phage 
after  30  minutes,  as  judged  by  any  of  the 
above-described  criteria  (oxygen  uptake, 
ability  to  give  rise  to  infective  centers  after 
more  than  40  minutes  at  37°,  increased 
burst  size).  Therefore  the  role  of  the 
superinfecting  phage  in  "lysis  inhibition" 
is  to  permit  the  continuation  of  metabo- 
lism. The  primary  infection  must  be  with 
r+  phage;  the  secondary  infection  may  be 


with  either  r  or  r+.  It  would  be  useful  to 
investigate  the  mechanism  by  which  the 
superinfecting  phage  permits  the  continua- 
tion of  metabolism. 

The  lysozyme  within  and  the  lysozyme 
without  the  phage.  Previous  investiga- 
tions by  others  (Anderson,  Herriot,  Koch, 
Weidel,  KozlofT)  have  shown  that  a  lytic 
principle  is  associated  with  the  phage 
particle.  It  seemed  of  interest  to  determine 
whether  the  phage-associated  lytic  enzyme 
is  the  same  as  that  found  in  lysates.  We 
found  that  lysozyme  liberated  by  freezing 
and  thawing  or  osmotic  shock  from  a  care- 
fully purified  preparation  of  mutant  phage 
is,  like  the  lysozyme  in  phage-free  lysates, 
temperature  sensitive.  Lysozyme  from 
standard-type  phage  preparations,  simi- 
larly treated,  is  relatively  resistant.  Thus 
the  lysozyme  within  phage  and  that  free 
in  the  lysate  are  identical.  We  have  no 
evidence  yet  about  whether  the  lysozyme  is 
needed  in  order  that  phage  may  enter  the 
bacterium. 


BACTERIAL  GENETICS 


M.  Demcrec,  E.  L.  Lahr,  E.  Balbinder,  T.  Miya\e,  f.  hhidsu,  K.  Mizobuchi,  and 

Brigitte  Mahler 

arar — inability  to  utilize  arabinose 
org — arginine  requirement 


Our  investigations  of  the  genetic  struc- 
ture and  functions  of  bacterial  chromo- 
somes have  been  continued  and  developed 
during  the  past  year.  In  addition  to  the 
workers  named  above,  Miss  Carol  A. 
Nagele  spent  approximately  five  months 
with  our  group  as  a  research  assistant;  and 
Mr.  John  G.  Scandalios,  graduate  student 
at  Adelphi  College,  joined  us  as  a  tempo- 
rary assistant  during  the  summer  of  1960. 
Mrs.  Emmy  M.  Snyder  and  Mrs.  Anne  K. 
Carhart  were  again  in  charge  of  media 
preparation  and  washing  and  sterilization 
of  glassware. 

The  work  of  our  group  was  supported 
in  part  by  a  grant-in-aid  from  the  Ameri- 
can Cancer  Society. 

Symbols  representing  genes  of  Salmo- 
nella typhimurium  or  Escherichia  coli  men- 
tioned in  this  report  are  listed  below: 

ade — adenine  requirement 

adth — requirement  for  adenine  and  thiamine 


asp — asparagine  requirement 

cys — cystine  requirement 

gal — galactose  requirement 

git — glutamic  acid  requirement 

gua — guanine  requirement 

his — histidine  requirement 

He — isoleucine  requirement 

ilva — requirement  for  isoleucine  and  valine 

lac"" — ability  to  utilize  lactose 

lac — inability  to  utilize  lactose 

leu — leucine  requirement 

met — methionine  requirement 

mut — mutator  gene  (mutant  allele) 

mut+ — mutator  gene  (wild-type  allele) 

pan — pantothenic  acid  requirement 

pro — proline  requirement 

ser — serine  requirement 

str-d — streptomycin  dependence 

str-r — streptomycin  resistance 

su-leu — suppressor  of  leucine  requirement 

thi — thiamine  requirement 

thin — requirement  for  thiamine  and  nicotinic 

acid 
thr — threonine  requirement 
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try — tryptophan  requirement 
tyr — tyrosine  requirement 

Genetic  Studies  of  the  cysC  Locus 

Spontaneous  and  induced  deletions. 
Among  auxotrophic  mutants  collected  at 
random  two  classes  are  distinguishable: 
those  that  have  the  capacity  to  revert  to 
the  wild  type,  and  those  that  cannot  revert. 
Mutants  of  the  first  class  are  the  result  of 
mutations  at  a  single  site  of  a  gene  locus, 
whereas  the  nonreverting  mutants  are  due 
to  mutations  affecting  two  or  more  adja- 
cent sites.  These  "multisite"  mutants, 
since  they  show  characteristics  of  the  de- 
letion mutants  found  in  higher  organisms, 
are  assumed  to  originate  by  deletion  of  a 
small  segment  of  the  gene  string.  As  a 
rule,  the  frequency  of  deletions  is  low; 
in  Salmonella  strain  LT-2  only  about  4 
per  cent  of  all  mutations  are  deletions.  An 
exception  to  this  apparently  general  rule 
occurs  at  the  cysC  locus,  where  about 
40  per  cent  of  the  spontaneously  occurring 
mutants  have  been  found  to  be  deletion 
mutants. 

Therefore  cysC  mutants  afford  excellent 
material  for  a  comparative  study  of  fre- 
quencies of  single-site  mutations  and  of  de- 
letions, both  spontaneous  and  induced. 
Such  a  study  has  been  made  by  Demerec, 
assisted  by  Nagele,  who  analyzed  134  cysC 
mutants  of  strains  LT-2  and  LT-7,  some  of 
spontaneous  origin  and  some  induced  by 
ultraviolet  radiation  (UV)  or  2-amino- 
purine  (2-AP).  Strain  LT-7  has  a  con- 
siderably higher  spontaneous  mutability 
than  LT-2  because  of  the  presence  of 
"mutator"  mutations,  one  of  which  has 
been  identified  by  Miyake  (see  Year  Book 
58) .  Among  the  46  spontaneous  mutations 
of  strain  LT-2  investigated,  39.1  per  cent 
were  deletions;  of  21  UV-induced  muta- 
tions, 42.9  per  cent  were  deletions;  and  40 
induced  by  2-AP  included  no  deletions. 
In  strain  LT-7,  3  out  of  27  spontaneous 
mutations  were  deletions. 

The  results  of  these  experiments  indicate 
that  two  basically  different  mechanisms 
are  responsible  for  the  origin  of  deletion 


mutants  and  single-site  mutants.  Both 
mechanisms  are  affected  by  UV  radiation, 
as  well  as  by  the  factors  that  bring  about 
spontaneous  mutation,  but  2-AP  affects 
only  the  mechansim  responsible  for  single- 
site  mutants.  The  difference  between 
strains  LT-2  and  LT-7  in  frequencies  of 
spontaneously  originating  deletions  may 
be  accounted  for  by  assuming  that  mutator 
genes,  present  in  LT-7  but  absent  in  LT-2, 
were  responsible  for  most  of  the  spontane- 
ously occurring  mutations  in  the  sample 
analyzed,  and  that  these  genes  affect  only 
the  mechanism  producing  single-site  mu- 
tants. The  evidence  that  all  of  40  muta- 
tions induced  in  the  cysC  locus  by  2-AP 
were  single-site,  whereas  out  of  67  spon- 
taneous and  UV-induced  mutations  more 
than  40  per  cent  were  deletions,  supports 
Freese's  explanation  of  the  origin  of  2-AP- 
induced  mutants  in  phage  T4.  According 
to  Freese,  the  base  analogue  2-aminopurine 
can  pair  with  thymine  and  may  be  in- 
corporated into  DNA  in  place  of  adenine. 
During  the  duplication  of  such  DNA, 
mistakes  in  pairing  are  more  frequent  than 
when  the  usual  base  is  present.  Mutations 
are  induced  by  mistakes  in  pairing  rather 
than  by  the  replacement  of  DNA  base  by 
its  base  analogue.  Accordingly,  it  is  to  be 
expected  that  2-AP  will  induce  single-site 
mutations  only. 

Origin  of  deletions.  Twenty-nine 
"multisite"  mutants,  attributed  to  dele- 
tions within  the  cysC  locus,  were  accumu- 
lated during  the  study  just  described  and 
have  been  analyzed  by  Demerec  in  an 
effort  to  determine  their  mode  of  origin. 
By  means  of  crosses  between  these  deletion 
mutants  and  the  88  available  single-site 
cysC  mutants,  the  locus  has  been  sub- 
divided into  four  sections.  Section  1  has 
none  of  the  deletions,  and  includes  19  of 
the  single-site  mutant  markers.  Section  2 
contains  the  small  deletion  cysC-109,  as 
well  as  the  left  ends  of  all  the  long  dele- 
tions, but  none  of  the  single-site  mutations. 
Section  3  is  covered  by  all  the  long  dele- 
tions (e.g.,  cysC-66)  but  not  by  deletion 
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cysC-36;  and  36  single-site  mutations  have 
been  located  within  it.  Section  4  is  covered 
by  all  the  long  deletions  as  well  as  deletion 
cysC-36,  and  contains  33  of  the  single-site 
mutations. 

The  approximate  lengths  of  the  four 
sections  have  been  determined  by  trans- 
duction experiments,  in  which  the  frequen- 
cies of  recombination  between  markers  lo- 
cated at  their  opposite  ends  were  scored. 
The  results  indicate  that  section  1  is  the 
shortest  of  the  four,  section  2  is  next  in 
length,  and  sections  3  and  4  are  longer  and 
about  equal  to  each  other. 

Of  the  29  deletions  identified,  4  are 
relatively  short  and  25  are  long.  Each  of 
the  short  deletions  involves  a  different 
part  of  the  locus,  whereas  all  the  long  de- 
letions, as  far  as  can  be  determined,  are 
similar  in  length,  with  their  left  ends  in 
section  2  and  their  right  ends  probably 
extending  beyond  the  limit  of  the  locus 
since  they  cover  all  the  known  sites  in 
section  4. 

Thus  the  region  of  Salmonella  chromo- 
some that  includes  the  cysC  locus  exhibits 
four  unusual  properties.  Among  spon- 
taneous mutations  occurring  there,  long 
deletions  are  very  frequent;  all  these  long 
deletions  are  similar  in  size;  one  end  of 
each  of  them  is  within  section  2  of  the 
locus;  and  no  single-site  mutations  have 
been  observed  in  section  2,  even  though 
this  section  occupies  a  considerable  por- 
tion of  the  total  length  of  the  locus.  A 
special  effort  has  been  made  to  ascertain 
more  definitely  the  relative  length  of  sec- 
tion 2.  In  addition  to  the  tests  of  recombi- 
nation between  two  cys  markers  located  at 
opposite  ends  of  the  section,  further  ex- 
periments involved  a  third,  unlinked 
marker;  and  the  number  of  transductions 
of  that  marker  served  as  a  base  line  in 
calculating  the  frequency  of  recombina- 
tion between  the  two  cys  markers.  Data 
are  also  available  regarding  the  frequencies 
of  recombination  between  markers  located 
at  the  right  end  of  section  1  and  the  left 
ends  of  the  long  deletions.  All  the  evidence 


supports  the  conclusion  that  section  2  com- 
prises almost  one-quarter  of  the  cysC  locus. 

An  interpretation  of  the  mechanism  re- 
sponsible for  the  origin  of  the  long  dele- 
tions can  be  formulated  on  the  basis  of 
two  observations:  (1)  that  their  left  ends 
are  in  section  2  and  their  right  ends  either 
at  the  right  limit  of  the  locus  or  beyond  it; 
(2)  that  single-site  mutations  have  not 
been  found  in  section  2.  The  most  likely 
explanation  is  that  section  2  is  a  duplica- 
tion of  the  portion  of  chromosome  where 
the  right  ends  of  the  deletions  are  located; 
that  during  chromosomal  reproduction  the 
duplicated  portions  occasionally  synapse, 
causing  the  formation  of  a  loop  of  prede- 
termined size;  and  that  in  replication  the 
looped  segment  is  left  out,  so  as  to  produce 
deletions  of  approximately  similar  lengths. 
The  duplicated  portion  could  be  either 
genetically  active  (euchromatic)  or  geneti- 
cally inert  (heterochromatic) .  In  either 
case,  mutations  occurring  within  it  could 
not  be  detected.  If  it  consisted  of  geneti- 
cally active  material,  a  mutational  change 
would  be  compensated  by  the  nonmutated 
homologue. 

Studies  of  recombination  between  mark- 
ers located  at  the  right  end  of  section  1 
and  the  long  deletions,  and  between  dele- 
tion mutation  cysC-109  and  the  long  de- 
letions, indicate  that  the  left  ends  of  the 
different  long  deletions  do  not  terminate 
at  exactly  the  same  point  in  section  2. 

Genetic  Studies  of  the  tryC  and  tryD  Loci 

Twenty-two  mutants  of  the  loci  tryC 
and  tryD  of  S.  typhimurium  have  been 
mapped  and  analyzed  by  Balbinder.  These 
two  adjacent  loci  are  part  of  a  four-locus 
sequence  controlling  tryptophan  synthesis 
(see  previous  Year  Books).  On  the  basis 
of  nutritional  requirements  and  ability  to 
feed  tryB  and  try  A  mutants,  16  of  the  22 
auxotrophs  were  classified  as  tryD  and  6 
as  tryC.  The  relative  positions  of  the  sites 
of  mutation  were  determined  by  three- 
point  transduction  tests.  Demerec  and 
Hartman  had  concluded,  from  three-point 
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transduction  tests  involving  the  markers 
try D -10,  tryC-3,  and  cysB-12,  that  the  order 
of  the  tryD  and  tryC  loci  with  respect  to 
tryB  and  try  A  was  tryD — tryC — tryB — 
try  A  (see  Year  Book  54).  More  extensive 
experiments  with  all  available  tryC  and 
tryD  mutants  have  shown  that  the  tryC 
sites  are  located  to  the  left  of  most  tryD 


therefore  the  more  recent  finding  does 
not  affect  the  original  conclusion  that  the 
arrangement  of  try  loci  on  a  linkage  map 
coincides  with  the  sequence  of  the  bio- 
chemical reactions  they  control. 

Mutation  studies.  The  patterns  of  re- 
version of  the  22  mutants  after  treatment 
with  four  chemical  mutagens  were  investi- 


TABLE  2.     Summary  of  Mutability  Data  for  22  tryC  and  tryD  Mutants  of  S.  typhimurium 

The  mutants  are  arranged  by  locus  in  their  relative  map  order.  Mutants  of  the  same  site  are 
enclosed  in  parentheses;  mutants  of  the  same  region  but  different  sites  are  bracketed.  Symbols: 
Sp  =  spontaneous;  UV  =  ultraviolet  radiation;  DES  =  diethyl  sulfate;  (3-PL  =  (3-propiolactone ;  2-AP 
=  2-aminopurine;  5-BU  =  5-bromouracil.  —  =no  increase  in  reversion  frequency;  +  =less  than 
5-fold  increase  in  frequency;  +  +  =5-  to  9-fold  increase;  4-  +  +  =  more  than  10-fold  increase;  nt 
=  not  tested. 


Locus   Mut*nt 
tryu- 

Origin 

Mutability 

Sp* 

uv# 

DES 

(3-PL 

2-AP 

5-BU 

C             71 

2-AP 

30.0 

nt 

+  +  + 

+  +  + 

+  + 

+  +  + 

3 

UV 

15.0 

43,400 

+  +  + 

+  +  + 

+  +  + 

+  +  + 

48 

Sp 

30.0 

nt 

+  +  + 

+  +  + 

+  +  + 

+  +  + 

20 

Sp 

8.0 

nt 

— 

— 

— 

— 

33\ 

Sp  (mut) 

5.7 

nt 

+  +  + 

+  +  + 

+  + 

+  +  + 

44  j 

Sp 

11.0 

nt 

+  +  + 

+  +  + 

+  +  + 

— 

D             1 

UV 

6.0 

13,340 

+  4-  + 

+  +  + 

+  +  + 

+  +  + 

C?) 

Sp 

3.0 

100 

+  +  + 

— 

+  +  + 

+  +  + 

Sp 

2.0 

nt 

— 

— 

— 

— 

351 

Sp 

14.0 

1,740 

+  +  + 

+  + 

+ 

+ 

76  \ 

2-AP 

3.5 

nt 

+  4-  + 

+  +  + 

+  +  + 

+  +  + 

73) 

2-AP 

6.0 

nt 

4-4-4- 

— 

+  +  + 

+  +  + 

9 

Sp 

0.8 

— 

— 

— 

— 

— 

6 

Sp 

8.0 

440 

4-4-4- 

+  + 

+ 

+ 

a) 

UV 

8.0 

— 

+  +  + 

— 

+ 

+  +  + 

Sp  (mut) 

7.0 

— 

4-4-4- 

— 

+  + 

+  +  + 

70 

Sp  (mut) 

6.0 

nt 

4-4-4- 

— 

+  +  + 

+  +  + 

(Si 

Sp  (mut) 

2.5 

nt 

+  +  + 

+ 

— 

— 

Sp 

2.5 

240 

+  +  + 

+  + 

— 

— 

551 

Sp 

17.0 

110 

— 

— 

— 

— 

69  > 

Sp  (mut) 

12.0 

120 

+  +  + 

+  +  + 

+  +  + 

+  +  + 

78) 

UV 

1.2 

nt 

+  +  + 

— 

— 

— 

*  Per  1010  cells. 

sites  on  a  genetic  map,  indicating  the  order 
tryC — tryD — tryB — try  A,  which  agrees 
with  the  sequence  found  in  E.  coli.  The 
mutant  tryD-10,  utilized  in  the  previous 
tests,  behaves  in  an  exceptional  fashion  in 
recombination  (see  later  part  of  this  sec- 
tion), and  the  results  obtained  were  ex- 
ceptional. As  can  be  inferred  from 
Yanofsky's  work  with  E.  coli,  however, 
tryC  and  tryD  control  two  components 
of  the  enzyme  tryptophan  synthetase,  and 


gated.  The  mutagens  were  the  base 
analogues  5-bromouracil  (5-BU)  and  2- 
aminopurine  (2-AP),  and  the  alkylating 
agents  diethyl  sulfate  (DES)  and  3-pro- 
piolactone ((3-PL).  The  spot-testing 
method  of  Iyer  and  Szybalski  was  em- 
ployed, except  in  the  experiments  with 
5-BU,  which  was  added  to  the  plate  to- 
gether with  aminopterin  (see  Year  Book 
58,  p.  438) .  The  responses  of  the  different 
mutants  are  recorded  in  table  2   (which 
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also  includes  data  concerning  UV-induced 
reversions  of  some  of  the  mutants)  and 
partially  illustrated  in  plate  1.  The  values 
represent  phenotypically  full  reversions  to 
wild  type,  as  determined  by  colony  size  on 
enriched  minimal  agar.  Partial  restora- 
tions of  prototrophy  (probably  due  to  sup- 
pressor mutations)  were  not  considered. 
In  all  cases,  the  markers  were  tested  in 
the  presence  of  the  gene  mut+,  those  that 
had  originated  in  the  presence  of  mut 
being  introduced  by  transduction  into 
strains  carrying  muf.  In  UV  experiments 
the  bacteria  were  irradiated  in  liquid 
(minimal  medium  without  glucose)  with 
a  dose  of  620  ergs/mm2. 

It  is  interesting  to  notice  the  results  for 
the  three  sets  of  mutants  located,  according 
to  recombination  tests,  at  the  same  sites 
(tryD-10  and  -11,  tryD-7  and  -66,  tryD-29 
and  -42).  In  each  of  the  last  two  sets,  the 
mutants  showed  almost  identical  patterns 
of  response  to  the  mutagens,  but  tryD-10 
and  -11  were  dissimilar.  The  pairs  with 
similar  response  patterns  are  also  similar 
in  other  respects:  -7  and  -66  have  identical 
suppressor  patterns;  -29  and  -42  act  in  the 
same  fashion  in  recombination,  and  no 
suppressor  mutation  has  been  found  in 
either  of  them.  The  first  pair,  on  the  other 
hand,  which  are  dissimilar  in  reversion 
patterns,  are  also  different  with  respect 
to  suppressibility :  tryD-10  has  a  suppres- 
sor, tryD-11  has  not,  and  the  tryD-10  sup- 
pressor does  not  affect  tryD-11  (see  Year 
Book  57,  p.  399).  These  differences  make 
it  possible  to  conclude  with  certainty  that 
tryD-10  and  -11,  though  occupying  the 
same  map  position,  are  due  to  two  differ- 
ent mutations  at  the  same  site. 

All  22  mutants  analyzed  revert  spon- 
taneously. As  regards  their  reactions  to 
treatment  with  the  chemical  mutagens, 
they  can  be  grouped  as  follows. 

Reversions  induced  by  all  four  mutagens: 
Reversions  induced  by  DES  only: 
Reversions  induced  by  DES  &  (3-PL  only: 
Reversions  induced  by  DES,  (3-PL,  &  2-AP 
Reversions  induced  by  DES,  6-BU,  &  2-AP 
No  induced  reversions: 


Examination  of  these  results  shows  that: 

1.  Any  mutant  not  reacting  to  DES 
treatment  did  not  react  to  treatment  with 
any  of  the  other  three  chemical  mutagens. 

2.  With  the  exception  of  one  mutant 
(try C -44),  which  responded  to  2-AP  but 
not  to  5-BU,  any  mutant  affected  by  one  of 
the  base  analogues  was  also  affected  by 
the  other. 

3.  In  general,  there  was  a  somewhat 
better  correlation  between  the  effects  of 
DES  and  the  base  analogues  (15  mutants 
reacted  to  DES  and  to  one  or  both  base 
analogues)  than  between  the  effects  of 
DES  and  3-PL  (12  reacted  to  both),  or  of 
3-PL  and  the  base  analogues  (10  reacted 
to  both).  DES  in  most  cases  was  more 
effective  than  3-PL. 

4.  No  mutant  was  affected  only  by  3-PL, 
or  only  by  the  base  analogues;  and  just  one 
mutant  responded  only  to  DES. 

As  was  noted  above,  the  two  alkylating 
agents  induced  reversions,  for  the  most 
part,  only  in  mutants  that  also  responded 
to  treatment  with  one  or  both  of  the  base 
analogues.  Since,  according  to  current 
theories,  base  analogues  act  by  inducing 
transitions  (replacements  of  one  purine 
or  pyrimidine  by  another),  a  tentative 
interpretation  of  the  results  is  that  the 
alkylating  agents  also  are  able  to  produce 
transitions,  DES  being  more  effective  in 
this  respect  than  3-PL.  It  should  be 
pointed  out  that  other  workers,  analyzing 
larger  numbers  of  mutants,  have  found 
cases  in  which  3-pr°pi°lactone  was  effec- 
tive whereas  base  analogues  were  not,  an 
indication  that  as  well  as  transitions  this 
mutagen  may  induce  other  types  of 
mutagenic  change.  An  alternative  interpre- 
tation is  that  the  different  mutagens  act 
in  widely  different  fashions,  and  that  dif- 
ferent kinds  of  mutagens  may  bring  about 
reversions    to    the    wild-type    phenotype 

9 

1  (tryD-78) 

2  (tryD-29  &  -42,  which  are  identical) 
1  (tryC-44) 

5 
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through  different  mutational  events,  not 
necessarily  involving  restoration  of  the 
original  sequence  of  base  pairs  at  the  mu- 
tated site.  The  four  mutants  that  did  not 
respond  to  any  of  the  mutagens  tested 
might  be  assumed  to  result  from  (1)  trans- 
versions  (replacements  of  a  purine  by  a 
pyrimidine,  or  vice  versa),  or  (2)  altera- 
tions affecting  several  base  pairs  of  the 
same  site. 

Only  3  mutants,  of  the  18  in  which  re- 
versions could  be  induced,  responded  to 
DES  and  3-PL  but  not  to  the  base 
analogues.  These  three  cases  are  difficult 
to  evaluate  at  present,  both  because  they 
are  so  few  and  because  there  are  indica- 
tions that  under  some  conditions  the  three 
mutants  might  react  to  treatment  with  base 
analogues.  In  fact,  tryD-29  did  do  so  when 
the  gene  mut  was  present.  The  effects 
of  the  presence  of  mut  on  tryD-78  and 
try D -42  have  not  yet  been  tested. 

Not  much  can  be  said  at  this  time  about 
the  patterns  of  UV-induced  reversions  as 
compared  with  those  induced  by  the  base 
analogues,  since  only  a  fraction  of  our 
mutants  have  been  tested  with  UV.  Those 
tested  can  be  grouped  as  follows. 

No  reaction  to  chemical  mutagens  but  weak  re- 
action to  UV:    1   (tryD-55). 

Strong  reaction  to  all  the  chemical  mutagens  but 
weak  reaction  to  UV:    1   {tryD -69). 

Reaction  to  the  chemical  mutagens  but  none  to 
UV:    2  (tryD-7  and  -66). 

Reaction  both  to  the  chemical  mutagens  and  to 
UV:  6  (tryC-3,  tryD-1,  -10,  -35,  -6,  and  -42). 
Of  these,  2  mutants  (tryC-3  and  tryD-1)  re- 
acted strongly  to  all  the  agents;  1  (tryD-10) 
reacted  strongly  to  the  base  analogues  and 
somewhat  weakly  to  UV;  2  (tryD-35  and  -6) 
reacted  strongly  to  UV  and  weakly  to  the  base 
analogues;  and  1  (tryD-42)  reacted  fairly 
strongly  to  UV  but  not  at  all  to  the  base  ana- 
logues. 

No  reaction  to  either  UV  or  the  chemical  muta- 
gens:   1   (tryD-9),  probably  mutagen  stable. 

These  results  suggest  that  UV  can  act 
in  a  number  of  ways,  producing  transitions 
in  some  mutants  and  other  types  of  change 
in  others. 

Complementation.  Tests  of  reciprocal 
complementation  by  observation  of  abor- 


tive transductions  on  minimal  agar  were 
carried  out  for  all  22  mutants.  The  re- 
sults are  consistent  with  the  idea  that  tryC 
constitutes  one  complementation  unit  and 
tryD  another:  all  tryC  mutants  comple- 
ment all  tryD  mutants,  and  vice  versa. 
Intralocus  complementation  was  not  ob- 
served among  the  tryC  mutants.  Of  the 
tryD  mutants,  tryD-10  appeared  to  give 
rise  to  abortive  colonies  when  employed 
as  recipient  in  tests  with  a  few  other  tryD 
mutants;  in  the  reciprocal  tests,  the  pres- 
ence of  the  small  abortive  colonies  could 
not  be  ascertained  because  of  the  heavy 
background  growth.  These  results  agree 
well  with  Yanofsky's  finding  that  the 
enzyme  tryptophan  synthetase  in  E.  coli 
has  two  components,  each  controlled  by 
one  of  two  adjacent  loci,  and  indicate  the 
probability  of  a  comparable  situation  in 
Salmonella. 

Suppressors.  Suppressor  mutations  af- 
fecting various  tryptophan  mutants  have 
been  reported  (Year  Book  57,  p.  399). 
They  are  allele  specific,  as  far  as  has  been 
determined. 

An  effect  of  genetic  background  on  the 
suppressor  patterns  of  several  mutants  was 
observed  this  year.  The  example  about 
which  we  have  the  most  information  con- 
cerns the  markers  tryD-7  and  tryD-66, 
which  are  located  at  the  same  site  on  the 
map  and  have  identical  reversion  patterns. 
We  have  recombinant  strains,  obtained  by 
transduction,  carrying  each  of  these  mark- 
ers in  two  different  genetic  backgrounds, 
that  of  strain  LT-2  and  that  of  strain  LT-7, 
neither  of  which  carries  the  mutator  gene 
mut.  In  experiments  involving  treatment 
with  a  series  of  mutagenic  agents,  the  LT-7 
strains  exhibited  only  one  type  of  sup- 
pression of  the  tryD-7  and  tryD-66  muta- 
tions (as  determined  by  colony  size  on 
minimal  agar),  whereas  the  LT-2  strains 
gave  rise  to  two  distinct  types  of  small 
colonies.  The  differences  in  colony  type 
persisted  through  a  series  of  transfers  and 
re-isolations  from  single  colonies.  This 
fact  suggests  that  they  resulted  from  dif- 
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ferent  genetic  changes  rather  than  from 
different  expressions  of  the  same  muta- 
tion. The  assumption  is  being  tested  more 
directly,  by  transduction  experiments.  No 
difference  was  apparent  between  the  sup- 
pressor patterns  of  the  two  mutant  genes 
when  they  were  in  the  same  genetic 
background. 

A  current  view  concerning  the  mode  of 
action  of  some  specific  suppressors  is  that 
they  operate  indirectly,  by  removing  in- 
hibitors, rather  than  directly  by  supplying 
information  essential  for  enzyme  synthe- 
sis. According  to  this  interpretation,  it  is 
possible  that  mutations  at  different  places 
in  the  genome  will  produce  suppressor 
effects.  Thus,  in  our  case,  if  there  are 
differences  in  fine  structure  between  strains 
LT-2  and  LT-7  they  may  be  reflected  in 
different  patterns  of  suppression  of  the 
same  mutant  gene. 

Recombination  effects  of  certain  alleles. 
Exceptional  results  were  obtained  in  three- 
point  transduction  experiments  with  the 
two  mutants  tryD-29  and  tryD-42.  Both 
markers  occupy  the  same  site  on  the  map, 
since  there  is  no  recombination  between 
them  in  two-point  reciprocal  transduction 
tests.  The  two  mutants  also  show  identical 
responses  to  four  different  mutagenic 
agents,  and  no  suppressor  of  either  has 
been  detected.  By  these  criteria  they  appear 
to  be  identical,  that  is,  to  represent  inde- 
pendent occurrences  of  the  same  muta- 
tional event.  They  arose  spontaneously  in 
different  experiments:  tryD-29  in  strain 
LT-7  carrying  the  mutator  gene  mut; 
tryD-42  in  a  derivative  of  strain  LT-7  ob- 
tained by  Miyake,  which  carries  the  pro+ 
region  of  strain  LT-2  and  the  gene  mut. 
In  the  transduction  experiments,  tryD-29 
and  tryD-42  behaved  differently  from  all 
the  other  mutants  studied,  in  the  following 
respects. 

1.  Three-point  tests  were  made  in  which 
the  recipients  were  doubly  marked  stand- 
ard strains,  carrying  different  tryD  mark- 
ers (testers)  in  combination  with  tryB-4, 
and  the  donors  were  various  tryD  mu- 


tants. When  the  donor  markers  were  lo- 
cated to  the  left  of  the  tester,  the  propor- 
tion of  tryD+  tryB-4  recombinants  (indole 
requirers),  the  result  of  exchanges  in  re- 
gions 2  and  3  (see  fig.  1,  III),  was  never 
significantly  higher  than  10  per  cent,  ex- 
cept when  the  tester  tryD  was  either 
tryD-29  or  tryD-42.  Then,  the  frequency 
of  recombinants  due  to  exchanges  in  re- 
gions 2  and  3  was  never  significantly  lower 
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Fig.  1.  Diagrams  of  the  exchanges  giving 
rise  to  tryD+  tryB  recombinants  in  different  trans- 
duction tests  involving  two  nonidentical  alleles 
of  the  tryD  locus  and  the  marker  tryB-4.  In 
each  drawing  the  donor  genotype  appears  on  top. 

than  20  per  cent,  and  tended  to  increase  as 
the  positions  of  the  different  tryD  markers 
approached  the  position  of  the  tester.  The 
data  of  experiments  with  tryD-7  tryB-4 
and  tryD-29  tryB-4  are  given  in  table  3. 
2.  As  a  rule,  similar  results  were  ob- 
tained in  experiments  with  the  same  com- 
bination of  markers,  regardless  of  which 
strain  acted  as  recipient  or  donor.  To 
illustrate,  let  us  consider  crosses  in  which 
the  marker  was  located  to  the  right  of  the 
tester.  Although  in  one  situation,  with 
the  single  mutant  as  donor  and  the  double 
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mutant  as  recipient  (fig.  1,  IV),  we  were 
observing  the  ratio  of  double  (D+B)  to 
quadruple  (D+B+)  exchanges,  and  in  the 
reciprocal  situation,  with  the  single  mutant 
as  recipient  (fig.  1,  II),  we  were  compar- 
ing the  proportions  of  two  double  ex- 
changes (D+B  due  to  2-4  exchanges,  D+B+ 
to  2-3),  the  majority  class  was  much  larger 
than  the  minority  in  both  instances  be- 
cause, in  the  latter  situation,  region  4, 
where  one  of  the  exchanges  must  occur,  is 


tryD-29  and  tryD-42  as  in  crosses  involv- 
ing other  tryD  mutants. 

These  results  can  be  explained  by  as- 
suming that,  in  the  presence  of  tryD-29 
or  tryD-42,  exchanges  occurring  in  region 
2  tend  to  switch  back  in  region  3  with  a 
higher  frequency,  this  tendency  being  more 
pronounced  the  closer  a  marker  is  situated 
to  the  tryD~29-tryD-42  site.  The  situation 
bears  a  resemblance  to  the  preferential 
choice   of   certain   markers    described   by 


TABLE  3.  Frequencies  of  tryD+  tryBA  (D+B)  Recombinants  (Indole  Requirers)  Recovered  in 
Transduction  between  Several  tryD  Mutants  as  Donors  and  the  Double  Mutants  tryD-7  tryB-4 
and  tryD-29  tryB-4  as  Recipients 

Donors  are  arranged  in  map  order.  Data  above  the  line  are  for  crosses  in  which  the  markers  were 
located  to  the  left  of  the  testers  (D-7  or  D-29),  those  below  the  line  for  crosses  in  which  the  mark- 
ers were  to  the  right  of  testers.  The  exchanges  giving  rise  to  D+B  recombinants  in  each  type  of 
cross  are  shown  in  figure  1. 


Type  of 
Cross  * 

Recipients 

Donor 

tryD-7  tryB-4 

tryD-29  tryB-4 

i 

D+5/total 

% 

D+B/tota.\ 

% 

tryD-1 

III 

9/213 

4.2 

34/157 

21.7 

-10 

26/200 

13.0 

164/421 

39.0 

-35 

5/82 

6.1 

9/47 

19.1 

-73 

2/34 

5.9 

33/67 

49.3 

-6 

2/36 

5.5 

96/179 

53.6 

-7 

— 

— 

27/52 

51.9 

-29 

IV 

11/40 
56/56 

27.51 

— 

-55 

100 

24/25 

96.1 

-69 

46/47 

97.9 

39/41 

95.1 

-78 

Not  determined 

38/41 

92.7 

*  See  figure  1. 

f  Aberrant  results  possibly  due  to  high  frequency  of  exchanges  in  regions  2-3. 


several  times  larger  than  region  3.  Con- 
trary to  this  rule,  when  tryD-29  or  tryD-42 
served  as  recipient  or  donor  with  tester 
tryD  markers,  there  was  disagreement  be- 
tween the  results  of  the  reciprocal  crosses 
(table  4).  Whenever  the  doubly  marked 
strain  carrying  the  tester  {tryD  tryB) 
acted  as  recipient,  tryD+  tryB  recombi- 
nants were  in  the  majority,  whereas  when 
the  tester  strain  served  as  donor  they 
tended  to  be  in  the  minority.  It  is  also  ap- 
parent from  table  4  that  the  differences  in 
size  between  the  two  recombinant  classes 
were   not   so   large   in   crosses   involving 


Demerec  et  dl.  (Year  Book  57,  p.  392) .  The 
fact  that  the  exchanges  in  region  3  in- 
crease as  region  2  gets  smaller  suggests 
that  something  resembling  negative  inter- 
ference may  be  involved. 

The  results  of  transduction  experiments 
in  which  exchanges  in  the  same  region 
give  rise  to  different  phenotypic  classes 
show  that  there  is  no  significant  effect  on 
the  data  ascribable  to  the  occurrence  of 
mixed  colonies  or  differential  survival  of 
the  recombinant  classes. 

A  recombination  effect  similar  to  that  of 
tryD-29  and  -42  was  also  observed  with 
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tryD-10  and  -11.  These  two  do  not  recom- 
bine  with  each  other  in  reciprocal  trans- 
duction tests,  and  thus  are  associated  with 
the  same  mutational  site.  Unlike  -29  and 
-42,  however,  they  are  dissimilar  in  their 
response  to  mutagens  (table  2)  and  also 
behave  differently  with  regard  to  recombi- 
nation. 


crosses  where  2-3  exchanges  were  com- 
pared with  2-4,  the  differences  in  frequen- 
cies of  the  two  recombinant  classes  were 
smaller  than  those  observed  with  tryD-11, 
the  two  classes  appearing  in  about  equal 
proportions  as  the  position  of  the  tryC  mu- 
tant approached  closer  to  the  tryD-10  site. 
When  double  (1-2)  were  compared  with 


TABLE  4.     Comparison  of  Results  of  Reciprocal  Crosses  between  Several  tryD 
Markers  and  the  Tester  Strains  tryD-10  tryB-4  and  tryD-9  tryB-4 

The  fractions  show  the  frequency  of  D+B  recombinants  (indole  requirers)  for  each  cross.  In 
the  crosses  of  part  A,  the  tester  strains  were  donors;  in  part  B,  they  were  recipients.  Lines  sepa- 
rate the  crosses  in  which  the  markers  were  located  to  the  left  of  the  tester  marker  tryD-10  or  tryD-9 
(above  line)  from  those  whose  markers  were  located  to  the  right  of  the  tester  marker  (below 
line).  The  exchanges  giving  rise  to  D+B  recombinants  in  each  type  of  cross  are  shown  in  the 
diagrams  in  figure  1. 


Type  of 

Marker 

Tester  Strains 

Cross  * 

tryD-10 

tryB-4 

tryD-9 

tryB-4 

A.  Testers  as 
I 

donors 

tryD-1 
tryD-10 

9/71 
0 

12.7% 
0 

16/219 
13/93 

0 

73% 
14.0 

II 

tryD-9 

tryD-29 
tryD-42 
tryD-69 

recipients 

tryD-1 
tryD-10 

21/25 

90/173 

106/222 

23/26 

51/212 
0 

84.0 

52.0 
47.7 
88.5 

24.1 
0 

0 

B.  Testers  as 
III 

147/400 
365/764 
226/228 

15/125 

2/23 

0 

36.7 
47.8 
99.1 

12.0 
8.7 

IV 

tryD-9 

tryD-29 
tryD-42 
tryD-69 

18/18 

571/818 
268/404 
227/229 

100 

69.8 
66.3 
99.1 

0 

236/361 

282/420 
98/100 

65.4 
67.1 
98.0 

*  See  figure 

1. 

In  experiments  between  tryD-11,  as 
donor  or  recipient,  and  double  mutants 
combining  the  different  tryC  markers 
with  tryA-8,  clear-cut  differences  were  con- 
sistently observed  between  the  two  re- 
combinant classes,  tryC+  tryD+  try  A  being 
always  in  the  majority.  These  results  defi- 
nitely locate  tryD-11  to  the  right  of  the 
C  region,  that  is,  in  the  D  region.  On  the 
other  hand,  when  tryD-10  was  crossed  to 
tryC  mutants  in  all  possible  combinations, 
the  results  tended  toward  ambiguity.    In 


quadruple  (1-2-3-4)  exchanges,  the  dif- 
ferences in  the  frequencies  of  the  two  re- 
combinants were  clearer,  and  were  con- 
sistent in  locating  tryD-10  to  the  right  of 
the  C  region,  as  would  have  been  expected. 
Effects  of  distance  similar  to  those  de- 
scribed for  tryD-29  and  tryD-42  (see  table 
3)  were  also  observed  here,  and  were  much 
more  evident  for  tryD-10  than  for  tryD-11. 
These  results  suggest  that  the  specific  be- 
havior of  some  mutants  in  recombination 
is    characteristic   of   the   particular   allele 


DEPARTMENT  OF  GENETICS        435 


rather  than  of  the  site,  and  that  structural 
properties  in  certain  regions  may  have 
strong  effects  on  recombination. 

In  the  light  of  these  observations,  it 
seems  very  likely  that  tryD-1,  which  ap- 
pears to  be  located  among  the  tryC  markers 
(between  try C -71  and  tryC-3)  behaves  like 
tryD-10  in  recombination,  thus  mapping 
aberrantly.  This  possibility  has  not  yet 
been  tested,  for  lack  of  the  proper  strain 
{tryD-1  try  AS). 

Effect  of  the  mitt  gene  on  recombination. 
When  tryD-29  was  the  recipient  in  trans- 
duction tests  with  doubly  marked  strains 
carrying  other  tryD  mutations  in  combina- 
tion with  tryB-4,  the  relative  frequencies 
of  the  two  recombinant  types  differed  ac- 

TABLE  5.    Effect  of  mut  on  Recombination 

Fractions  indicate  frequencies  of  tryD+  tryB 
recombinants  (indole  requirers).  Mutants  tryD-7 
and  tryD-66,  although  independently  isolated, 
are  indistinguishable  alleles. 


Recipient 

Donor 

tryD-7  tryB-4        tryD-66  tryB-4 

tryD-29  mut 
tryD-29  mut+ 

78/84    92.8%      301/375    80.3% 
19/97    19.6            80/349    22.9 

cording  to  whether  the  tryD-29  strain  car- 
ried mut  or  mut.  The  differences  could 
be  large,  as  is  seen  in  table  5.  All  the 
tryD  markers  available  in  combination 
with  tryB-4  were  located  to  the  left  of  the 
tryD-29-tryD-42  site.  The  recombinant 
class  tryD+  tryB,  resulting  from  exchanges 
in  regions  2  and  4  (see  fig.  1,  II),  would  be 
expected  to  be  the  majority  class.  Table  5 
shows  that  this  was  so  with  tryD-29  mut 
as  recipient  but  not  with  tryD-29  mut. 
Since  the  presence  of  the  tryD-29  marker 
is  expected  to  increase  the  frequency  of 
exchanges  in  region  3  (as  discussed  above) , 
the  data  of  table  5  indicate  that  the  pres- 
ence of  mut  restores  normal  recombina- 
tion. Experiments  with  tryD-1  tryB+  and 
tryD-66  tryB+  as  donors,  and  tryD-29  mut 
as  recipient,  produced  no  tryD+  tryB  re- 
combinants; therefore  the  difference  in  the 


results  brought  about  by  the  presence  of 
mut  cannot  be  explained  by  a  high  fre- 
quency of  mutations  in  the  tryC,  tryB,  or 
try  A  locus,  which  would  be  detected  on 
indole  plates  upon  replacement  of  the 
marker  tryD-29  by  its  allele  tryD-29+.  Ex- 
periments in  which  both  tryD-29  and 
tryD-42  were  tested  as  recipients  in  the 
presence  of  mut  in  two  different  genetic 
backgrounds  (LT-2  and  LT-7)  gave  re- 
sults like  those  shown  in  the  second  row  of 
table  5,  ruling  out  the  idea  that  the  genetic 
background  rather  than  the  mut  gene  was 
responsible  for  the  differences  observed. 
The  results  indicate  that  this  mutator  gene 
affects  not  only  mutation  but  also  re- 
combination. A  possibility  is  that  it  may  in 
some  fashion  influence  DNA  replication. 

Hybridization  Studies 

Transfer  of  Hfr  from  E.  coli  to  S.  typhi- 
murium.  Continuing  his  conjugation 
studies,  Miyake  has  succeeded  in  trans- 
ferring the  factor  responsible  for  high  fre- 
quency of  recombination  (Hfr)  from  E. 
coli  to  S.  typhimurium.  The  procedure  was 
as  follows.  Overnight  broth  cultures  of 
HfrP4X6  thr+  mut  lac+  (E.  coli)  and 
thr-61  mut  lac~  fer  {S.  typhimurium)  were 
mixed  in  a  1:1  ratio,  and  0.1  ml  of  the 
mixture  (approximately  2  X 108  bacteria) 
was  immediately  plated  on  minimal  lactose 
agar  supplemented  with  threonine.  After 
48  hours  of  incubation,  20  to  30  colonies 
per  plate  were  observed.  Control  platings 
of  each  parent  alone  did  not  show  any 
colonies.  Seventeen  colonies  were  picked 
up  at  random,  purified  by  single-colony 
isolation  on  minimal  lactose  agar  supple- 
mented with  threonine,  and  tested  for  thr, 
mut,  and  lac. 

As  expected,  all  the  colonies  carried  the 
E.  coli  lac+  gene,  since  selection  had  been 
made  for  lac+.  All  carried  the  Salmonella 
mut  gene,  and  eight  of  them  had  both 
the  mut  and  the  thr  gene  of  Salmonella. 
Bacteria  taken  from  these  eight  colonies 
were  cultured  in  broth,  and  tested  for 
ability    to    mate    with    Salmonella    {mut 
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proC-51  fer)  by  spot  tests  on  minimal  agar 
plates.  After  48  hours  of  incubation,  re- 
combinants were  found  in  six  of  the  eight 
tests.  Bacteria  of  all  eight  colonies  were 
sensitive  to  Salmonella  phage  H5  (virulent 
mutant  of  PLT-22)  and  were  agglutinated 
by  Salmonella  serum.  Therefore  these 
hybrid  bacteria,  whose  genome  contains 
the  mut  and  thr  loci  of  Salmonella  and  the 
lac  locus  of  E.  coli,  and  which  are  sensitive 
to  phage  PLT-22  and  react  to  Salmonella 
serum,  have  the  ability  to  mate  with 
Salmonella. 

It  has  been  reported  by  Jacob  and  Woll- 
man  that  the  rupture  point  in  HfrP4Xe  is 
between  pro  and  lac,  pro  being  the  first 
marker  to  enter  and  lac  the  last.  In  this 
experiment,  therefore,  selection  for  lac+ 
was  selection  for  the  end  marker.  In  an- 
other experiment,  with  HfrCS-101,  which 
injects  lac  as  the  first  marker,  lac+  hybrids 
were  not  capable  of  recombination  with 
Salmonella.  This  finding  indicates  that  the 
ability  of  a  hybrid  to  mate  with  Salmonella 
is  controlled  by  the  E.  coli  Hfr  factor, 
which  enters  last  during  the  transfer  and 
thus  is  located  at  the  end  of  the  chromo- 
some. 

Hybrid  HfrSc-19,  derived  from  one  of 
the  eight  colonies  tested,  was  crossed  with 
several  Salmonella  mutants  carrying  mut+. 
The  number  of  recombinants  obtained  on 
four  plates  was  103-104  in  the  crosses  with 
proB-25,  proAB-47,  proAB-126,  gua-2, 
leu-39,  thi-1,  and  try-7 ;  79  with  adth-14; 
and  1  with  thr-12.  In  a  cross  with  pan-2, 
recombinants  were  obtained  although  they 
could  not  be  scored  because  the  back- 
ground growth  was  too  heavy.  Thus  even 
a  Salmonella  strain  carrying  mut+  can  re- 
combine  with  this  hybrid,  and  so  a  large 
number  of  markers  can  be  tested  in  con- 
jugation studies.  The  frequency  of  pro+  re- 
combination in  crosses  between  proC-51 
fer  and  the  hybrid  Hfr  was  about  1  per 
104-105  plated  bacteria  when  the  mixture 
was  plated  on  minimal  glucose  agar  with- 
out preincubation. 

Transduction  in  hybrids.    Comparative 


studies  of  the  transducing  efficiency  of 
phage  PLT-22  grown  on  the  E.  coli-S. 
typhimurium  hybrid  lac+-l  and  on  Salmo- 
nella have  been  made  by  Miyake.  It  is 
known  that  the  lac+-l  hybrid  carries  a 
lactose  region  derived  from  E.  coli;  and 
very  probably  its  proline  region  also  is 
from  E.  coli,  because  it  appears,  as  was  re- 
ported last  year,  that  hybrids  produced 
with  E.  coli  HfrCS-101  receive  the  proline- 
lactose  region  intact. 

TABLE  6.  Transduction  of  Various  Salmonella 
Mutant  Markers  by  Phages  Grown  on  the 
Hybrid  lac^-l  and  on  LT-2  Salmonella 

Average  number  of  colonies  per  plate   (total 
of  3  plates). 


Markei 

:      Recipient 

Phage  Grown  on 
Hybrid     LT-2 

Con- 
trol 

pro 

proA-214  mut 
proA-210  mut+ 

2.3 
1.7 

399.0 

67.7 

3.7 
1.0 

leu 

leu-119  mut 
leu-110  mut+ 

12.7 
1.3 

463.0 
518.7 

3.0 
0 

thr 

thr-61  mut 
thr-12  mut+ 

15.3 
2.0 

220.3 
408.3 

0 
0 

try 

try -29  mut 
try-7  mut+ 

17.7 
0.3 

404.0 
136.0 

2.0 
0 

tyr 

tyr -7  mut 
tyr -5  mut+ 

42.7 
7.7 

1240.0 
814.0 

1.0 
0 

thr 

thr-61  mut  fer 
thr-61  mut 
thr-61  mut  fer 
in  hybrid 

175.7 
6.3 

131.3 

177.3 
530.0 

134.7 

0 
0 

0 

These  experiments  showed  that  phage 
grown  on  the  hybrid  lac+-l  was  not  able 
to  transfer  the  lac+  gene  to  Salmonella. 
The  results  of  experiments  with  several 
other  loci  are  given  in  table  6.  They  show 
that  phage  grown  on  Salmonella  strain 
LT-2  had  a  high  efficiency  of  transduction 
of  all  the  markers  tested,  regardless  of 
whether  the  recipient  was  LT-2  or  the 
hybrid.  Phage  grown  on  the  hybrid  bac- 
teria varied  in  transduction  efficiency.  It 
was  not  able  to  transduce  the  pro  A  locus; 
was  similar  to  the  Salmonella  phage  in 
transduction  of  thr-61  when  a  fertility  fac- 
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tor  (fer)  was  present  in  the  recipient 
genome;  but  had  a  very  low  efficiency  for 
the  same  marker  when  fer  was  absent 
from  that  genome,  and  a  very  low  effi- 
ciency for  all  the  other  markers,  which 
were  tested  in  genomes  not  containing 
fer.  Its  transduction  efficiency  was  con- 
sistently higher  when  the  recipient  bac- 
teria carried  the  mutant  allele  of  a  mutator 
gene  (mut). 

The  difference  between  the  two  phages 
in  efficiency  of  transduction  is  probably 
due  to  the  factors  that  are  responsible  for 
the  host-induced  modification  discussed 
in  the  following  section;  and  the  inability 
of  phage  PLT-22  grown  in  the  lac+-l 
hybrid  to  transduce  proA  is  probably  an 
indication  that  the  region  of  the  hybrid 
chromosome  carrying  the  proA  locus  is 
derived  from  E.  coli. 

Host-induced  modification  of  phage. 
During  the  experiment  to  transfer  various 
markers  by  transduction  from  an  E.  coli- 
S.  typhimurium  hybrid  to  the  parental 
Salmonella,  Miyake  observed  a  phenome- 
non similar  to  the  host-induced  modifica- 
tion described  by  Luria  in  recombination 
between  E.  coli  and  Shigella  dysenteriae. 

The  transducing  phage  was  prepared  by 
adding  about  107  particles  of  phage  PLT-22 
to  10  ml  of  a  growing  broth  culture  of  bac- 
teria (about  2X108  cells  per  ml),  aerating 
the  culture  for  6  to  8  hours  at  37  °C, 
centrifuging  for  15  minutes  at  5000  rpm, 
then  for  60  minutes  at  13,000  rpm,  dis- 
carding the  supernatant,  resuspending  the 
pellet  in  1  ml  of  T2  buffer,  and  adding 
chloroform  to  kill  the  unlysed  bacteria. 
Preparations  were  stored  at  6°C.  Two 
preparations,  one  from  hybrid  lac+~l  bac- 
teria and  the  other  from  an  LT-7  strain, 
were  assayed  on  the  indicator  bacteria 
lac+-l,  LT-7  mut,  and  LT-7  mut+.  The 
results  are  shown  in  table  7. 

The  plaque-forming  efficiency  of  phage 
grown  on  the  hybrid  is  highest  on  the 
hybrid,  lower  on  LT-7  mut,  and  lowest  on 
LT-7  mut+;  phage  grown  on  LT-7  does 
not  show  significant  differences  in  plaque- 
forming  efficiency  on  these  three  indicator 


strains.  Thus  the  host-induced  modifica- 
tion does  not  seem  to  be  reciprocal.  Simi- 
lar results  were  obtained  in  experiments 
with  the  H4  and  H5  mutants  of  phage 
PLT-22. 

The  following  experiment  was  per- 
formed to  test  whether  differences  in  ad- 
sorption were  responsible  for  the  differ- 
ences in  the  assays.  Phage  was  added  to 
log-phase  cultures  of  lac+-l,  LT-7  mut,  and 
LT-7  mut,  at  a  multiplicity  (phage  per 
bacterium)  of  0.02.  The  mixture  was 
aerated  for  10  minutes  at  37°,  and  centri- 
fuged  for  15  minutes  at  5000  rpm;  then 
the  supernatant  was  assayed  for  free  phage, 
with  lac+-l  as  an  indicator.    The  results 

TABLE  7.  Comparative  Plating  Efficiency  of 
Phage  PLT-22  Grown  on  Hybrid  lac+-l  and 
on  LT-7  mut+  proA-210  Bacteria 


Indicator 

Phage 

Grown  on 

Bacteria 

Hybrid 

LT-7 

Hybrid 
LT-7  mut 
LT-7  mut* 

3.8x1011 
2.7  X109 
2.4  X107 

7.4x1011 
9.8x1011 
8.5x1011 

were:  1.1  X  104/ml  for  lac+-l,  and  0.7 X  104/ 
ml  for  both  LT-7  mut  and  LT-7  mut. 
Since  the  number  of  phage  particles  added 
was  3.8Xl06/ml,  it  is  evident  that  differ- 
ences in  phage  adsorption  could  not  be  the 
reason  for  the  host-induced  modification. 

Killing  of  bacteria  by  phage  grown  on 
the  lac+-l  hybrid  was  tested.  Log-phase 
cultures  of  bacterial  strains  were  infected 
with  the  phage,  at  a  multiplicity  of  2,  and 
aerated  for  10  minutes  at  37°.  The  number 
of  surviving  bacteria  was  determined  by 
assay.  Only  38.0  per  cent  of  the  lac+-l 
bacteria  survived,  whereas  96.7  per  cent  of 
LT-7  mut  and  94.9  per  cent  of  LT-7  mut+ 
survived. 

Phage  grown  on  a  fertile  strain  of  Sal- 
monella showed  a  similar  host-induced 
modification,  an  indication  that  the  phe- 
nomenon is  not  caused  by  hybridity  but  by 
some  change  accompanying  a  change  in 
bacteria  from  the  original  to  the  fertile 
state. 
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Genetic  map  of  the  S.  typhimurium 
chromosome.  Since  Miyake's  finding  that 
Salmonella  strains  carrying  the  mut  gene 
can  be  crossed  with  E.  coli  strains,  and  his 
subsequent  transfer  of  the  Hfr  factor  from 
E.  coli  to  S.  typhimurium,  we  have  been 
attempting  to  construct  a  genetic  map  of 
the  Salmonella  chromosome.  In  bacteria, 
as  in  higher  organisms,  chromosome 
mapping  is  a  tedious  and  time-consuming 
process,  for  it  involves  the  preparation  of 
strains  that  carry  specific  combinations  of 
markers.  A  good  genetic  map  is  essential, 


whether  or  not  the  known  sequences  of 
loci  are  oriented  in  a  way  that  would  in- 
dicate the  existence  of  polarity  within  the 
chromosome.  A  "progress  map,"  prepared 
by  Ishidsu,  is  shown  in  figure  2. 

Arginine  Mutants 

Lahr  has  studied  a  series  of  39  arginine- 
requiring  mutants,  to  determine  the  posi- 
tions of  their  blocks  in  the  pathway  of 
arginine  biosynthesis  and  their  genetic  re- 
lationships as  revealed  by  transduction 
methods.    Four  of  these   mutants,  arg-7, 
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Fig.  2.  Genetic  map  of  the  Salmonella  typhimurium  chromosome,  based  on  observations  of  the 
frequencies  of  recombination  between  markers  in  crosses  of  S.  typhimurium  with  a  Salmonella- 
Escherichia  hybrid  (HfrSc-19)  derived  by  Miyake  from  E.  coli  strain  HfrF4X6  (Jacob) .  The  hybrid 
has  a  ring  chromosome,  with  the  Hfr  factor  attached  between  pro  and  lac.  Therefore  the  breakage 
point  is  between  these  two  loci,  the  pro  end  entering  first  in  crosses.  For  convenience,  the  map  is 
drawn  lineally  rather  than  in  circular  form,  with  the  opening  between  pro  and  lac.  The  capital 
letters  below  the  line  identify  functionally  similar  loci.  Loci  enclosed  in  parentheses  are  carried 
in  the  same  transducing  fragment  by  phage  PLT-22.  The  map  is  designed  to  show  the  order  of 
loci  rather  than  the  distances  between  them. 


however,  for  an  understanding  of  the 
structure  of  a  bacterial  chromosome,  for 
analyses  of  the  genetic  homologies  of 
chromosomes  of  different  bacterial  species, 
and  for  studies  requiring  information 
about  the  order  of  markers.  Investigations 
of  linkage  by  transduction  techniques  have 
revealed  that  gene  loci  concerned  with  re- 
lated functions  are  frequently  adjacent 
to  one  another  and  that  their  order  on  a 
linkage  map  corresponds  with  the  se- 
quence of  the  biochemical  reactions  they 
control.  In  terms  of  small  regions  of  bac- 
terial chromosome,  therefore,  certain  loci 
are  seen  to  be  functionally  arranged.  One 
of  our  aims  in  working  out  a  genetic  map 
is  to  discover  whether  or  not  some  similar 
functional  arrangement  extends  through- 
out   the    Salmonella    chromosome,    and 


-8,  -9,  and  -10,  were  derived  from  strain 
LT-7  by  spontaneous  mutation;  two 
others,  -46  and  -47 ,  originated  in  the  hybrid 
HfrSc-19;  and  the  rest  originated  in  strain 
LT-2,  either  by  spontaneous  mutation  or 
through  induction  with  2-aminopurine. 

The  pathway  of  arginine  biosynthesis  in 
E.  coli  is  reported  by  Vogel  as  follows: 
glutamic  acid — (l)-^N-acetylglutamic  acid 
—  (2)  -^N-acetylglutamic-y-semialdehyde 
— (3)— >Na-acetylornithine — (4)— >orni- 
thine — (5)-*citrulline — (6)— »arginine. 
The  particular  nutritional  requirements  of 
each  of  the  mutants  were  determined  by 
plating  on  minimal  agar  supplemented 
with  glutamic  acid,  N-acetylglutamic  acid, 
ornithine,  citrulline,  or  arginine  at  a  con- 
centration of  20  ug/ml.  These  tests  showed 
that  none  of  the  auxotrophs  is   able  to 
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synthesize  arginine  from  glutamic  acid 
or  from  N-acetylglutamic  acid.  Ornithine 
can  be  utilized  by  ten  of  the  mutants, 
which  grow  equally  well  on  ornithine, 
citrulline,  or  arginine  and  so  represent  one 
or  more  blocks  before  ornithine.  Fifteen 
mutants  grow  well  on  citrulline  and  argi- 
nine but  cannot  utilize  ornithine,  repre- 
senting a  block  in  region  5  of  the  bio- 
synthetic  pathway.  Another  group  of  13 
mutants  require  arginine  supplementation 
and  will  not  grow  on  any  precursor  tested; 
thus  they  are  blocked  in  region  6. 

The  ability  of  one  mutant  to  feed  an- 
other (syntrophism)  is  tested  by  streaking 
two  mutants  at  right  angles  to  each  other 
on  a  minimal  agar  plate.  The  plates  are 
incubated  for  24  to  48  hours.  If  the  back- 
ground growth  of  either  streak  accumu- 
lates a  product  that  the  other  mutant  can 
utilize,  it  feeds  upon  it  and  growth  appears 
at  the  region  of  near  contact.  In  this  way 
it  was  determined  that  arginine-requiring 
mutants  are  able  to  feed  citrulline  re- 
quirers,  and  that  citrulline  mutants  feed 
the  ornithine  requirers. 

A  single  ornithineless  mutant,  arg-4, 
feeds  all  the  other  ornithine  mutants  and 
on  that  basis  is  considered  to  be  the  single 
representative  (among  these  39  mutants) 
of  a  group  designated  argA.  It  appears 
that  arg-4  is  a  true  ornithine  requirer  with 
a  block  in  region  4,  and  that  it  accumulates 
a  precursor  which  feeds  mutants  of  the 
three  other  ornithine  groups.  Since  none 
of  these  is  able  to  utilize  glutamic  acid  or 
N-acetylglutamic  acid,  it  follows  that  they 
are  blocked  in  either  region  2  or  region  3. 
In  his  studies  with  E.  coli,  Vogel  reported 
that  Na-acetyl-L-ornithine  was  isolated 
from  culture  filtrates  of  an  ornithine-re- 
quiring  mutant,  and  that  this  compound 
satisfied  the  growth  needs  of  another  orni- 
thine requirer. 

Genetic  relations  among  and  within  the 
four  nutritional  groups  were  studied  by 
transduction  methods.  Some  of  the  mu- 
tants are  fairly  stable  and  therefore  were 
suitable  for  reciprocal  crosses;  others,  less 
stable,  were  tested  as  donors  but  not  as 


recipients.  With  the  exception  of  arg-10, 
which  is  lysogenic,  all  the  mutants  are 
sensitive  to  phage  PLT-22. 

Preliminary  tests  were  made  by  spot 
transductions.  These  were  carried  out  by 
spreading  0.2-ml  aliquots  of  a  fully  grown 
recipient  culture  on  minimal  agar  plates 
and  placing  drops  of  five  or  six  different 
phage  preparations  at  marked  positions  on 
each  plate.  Unspotted  areas  served  as  a 
control  and  determined  the  spontaneous 
mutability  of  the  recipient  stock.  After  24 
to  40  hours  of  incubation  the  spots  were 
examined  and  the  number  of  transductant 
(prototrophic)  colonies  recorded.  Results 
of  the  spot  tests  were  checked  by  full-plate 
transduction  experiments. 

The  transduction  tests  separated  the  or- 
nithine-requiring  mutants  into  four  groups 
(argA-4;  argB-7,  -24,  -26,  -46;  argC-14,  -16, 
-18,  -32;  and  argG-10).  The  citrulline  re- 
quirers fell  into  one  group  (argD-6,  -21, 
-22,  -23,  -25,  -27,  -28,  -30,  -31,  -34,  -35,  -36, 
-41,  -42,  -44),  and  the  arginine  requirers 
formed  two  groups  (argE-2,  -5,  -8,  -9,  -12, 
-13,  -15,  -29,  -37,  -47;  and  argF-3,  -17,  -40) . 
Tests  between  mutants  of  the  same  group 
produced  few  transductants,  whereas  tests 
between  mutants  belonging  to  different 
groups,  or  between  a  mutant  and  the  wild 
type,  yielded  large  numbers  of  trans- 
ductants. 

Thus,  through  a  combination  of  nutri- 
tional and  genetic  tests,  7  gene  loci  con- 
trolling the  synthesis  of  arginine  were 
recognized,  and  their  order  in  the  bio- 
synthetic  pathway  was  determined  as  fol- 
lows: 

ornithine  citrulline  arginine 

(G,  B,  C)-A     —     D     —      (E,  F) 

The  order  of  the  loci  within  the  paren- 
theses is  not  yet  known. 

Tests  were  made  to  find  out  whether 
any  of  the  seven  arg  loci  are  located  in 
the  same  transducing  fragment,  that  is, 
are  closely  linked.  The  procedure  was  to 
observe  whether  or  not  the  donor  marker 
appeared  in  transduction  experiments, 
since  that  can  happen  only  when  the  two 
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loci  tested  are  carried  by  the  same  frag- 
ment. Such  tests  could  be  made  (a)  be- 
tween arginine-requiring  (argE,  F)  and 
all  other  mutants,  (b)  between  citrulline 
(argD)  and  ornithine  (argA,  B,  C,  G)  mu- 
tants, and  (c)  between  argA  ornithine  and 
argB,  C,  or  G  ornithine  mutants.  In(tf)  and 
(b)  experiments,  a  recipient  arginine  (a) 
or  citrulline  (b)  mutant  was  plated  on 
minimal  medium  supplemented  with 
citrulline  or  ornithine,  and  it  was  deter- 
mined by  replica  plating  whether  or  not 
the  donor  marker  was  represented  among 
the  transductants.  In  (c)  experiments, 
argA,  as  recipient,  was  plated  on  minimal 
medium    supplemented    with    the    super- 


or  for  thiamine  and  nicotinic  acid,  or — in 
one  mutant — for  arginine. 

These  mutants,  the  result  of  one-step 
mutations,  were  isolated  by  selection  on 
medium  containing  200  to  400  ug  of  strep- 
tomycin per  milliliter.  In  transduction  ex- 
periments, the  bacteria  were  plated  in  20 
ml  of  nutrient  agar,  and  incubated  at 
37  °C  for  3  hours  to  permit  the  expression 
of  resistance;  then  a  layer  of  soft  agar 
was  added,  containing  enough  strepto- 
mycin to  provide  a  final  concentration  of 
200  to  250  ug/ml.  Resistant  colonies  were 
scored  after  48-hour  incubation. 

The  experiments  showed  (table  8)  that 
almost  50  per  cent  of  the  independently 


TABLE  8.    Phenotypes  of  Streptomycin-Resistant  Mutants  (str-r)  Originating  by  Spontaneous 
Mutation  or  by  Recombination  in  Transduction  Experiments 

thi  =  requirement  for  thiamine;  thi-nic  =  requirement  for  thiamine  and  nicotinic  acid. 


Origin 

Number 
Tested 

Phenotypes, 

% 

str-r 

str-r  thi 

str-r  thi-nic 

Spontaneous 

-f  X  str-r 
+  X  str-r  thi 
+  X  str-r .  thi-nic 

537 

147 

20 

12 

51.4 
54.4 
15.0 
25.0 

18.1 
6.8 
0 
0 

30.5 
38.8 
85.0 
75.0 

natant  from  cultures  in  which  argA  had 
been  grown  on  synthetic  medium  con- 
taining limiting  amounts  of  ornithine  and 
dextrose.  This  medium  does  not  support 
growth  of  argA  but  does  support  argB 
and  C.  The  transductants  were  examined 
for  colonies  that  represented  the  donor 
fed  by  the  recipient  argA.  The  results 
showed  that  argA,  C,  and  F  are  carried 
in  the  same  transducing  fragment.  No 
linkage  was  detected  among  the  other 
four  arg  loci.  It  was  also  found  that  argG- 
10  is  very  closely  linked  with  the  locus 
controlling  streptomycin  resistance  (see 
Year  Book  57). 

Streptomycin  Resistance 

In  studies  of  streptomycin-resistant  mu- 
tants of  S.  typhimurium,  Demerec  and 
Lahr  found  that  the  resistance  is  very  often 
associated  with  a  requirement  for  thiamine, 


originating  resistant  mutants  were  auxo- 
trophs  that  required  either  thiamine  or 
thiamine  and  nicotinic  acid.  A  similar 
proportion  of  such  auxotrophs  was  found 
among  the  transductants  in  experiments 
with  sensitive  recipient  bacteria  and  resist- 
ant donors.  Tests  of  bacteria  from  510 
colonies  of  the  donor  strain  showed  that 
none  required  either  thiamine  or  thiamine 
and  nicotinic  acid,  indicating  that  the 
strain  did  not  contain  mutant  cells  having 
the  requirements  that  showed  up  among 
the  transductants.  In  experiments  with 
str-r  thiamine-requiring  or  str-r  thiamine- 
and-nicotinic-acid-requiring  donors,  some 
of  the  transductants  were  str-r  but  not 
auxotrophic.  Both  auxotrophic  phenotypes 
appeared  among  the  transductants  of  an 
experiment  in  which  the  streptomycin- 
dependent  mutant  str-d  ade-3  was  the 
donor.    In    that    experiment,    134    tested 
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transductants  included  69  (51.5  per  cent) 
str-r  and  65  (48.5  per  cent)  str-d.  Of  the 
65  str-d  transductants,  2  required  thiamine 
and  10  required  both  thiamine  and  nico- 
tinic acid.  The  str-r  transductants  were 
not  classified  with  regard  to  auxotrophy. 

In  experiments  with  wild-type  donors 
and  str-r  recipients  that  required  thiamine 
and  nicotinic  acid,  all  the  transductants 
were  wild  type.  The  experiments  were 
made  with  9  such  mutants  of  different 
origins,  and  2351  transductants  were 
scored.  Thus  it  appears  that  the  strepto- 
mycin resistance  and  the  requirement  for 
thiamine  and  nicotinic  acid  are  always 
transduced  together  as  a  unit.  Similarly, 
in  experiments  with  the  wild  type  as  donor 
and  str-r  argG-10  as  recipient,  all  of  234 
transductants  were  wild  type,  showing  that 
str-r  and  argG-10  also  are  transduced  as  a 
unit. 

Mutants  requiring  thiamine  or  thiamine 
and  nicotinic  acid  do  not  fall  into  two 
distinct  groups.  Intermediate  types  are 
very  frequent.  All  the  mutants  require 
thiamine,  and  some  grow  better  when 
nicotinic  acid  is  added  to  the  medium. 
Tests  of  the  stability  of  the  different  types 
indicated  that  the  requirement  of  a  mu- 
tant is  determined  at  the  time  of  its  origin. 
Bacteria  of  597  single  colonies  isolated 
from  str-r  cultures  were  all  str-r,  bacteria  of 
24  colonies  isolated  from  str-r  thiamine-re- 
quiring  cultures  were  all  str-r  thiamine 
requirers,  and  bacteria  of  70  colonies  iso- 
lated from  str-r  cultures  that  required 
thiamine  and  nicotinic  acid  were  all  str-r 
cells  requiring  thiamine  and  nicotinic  acid. 
The  data  of  table  8  indicate,  however,  that 
a  mutant  phenotype  may  change  when 
the  site  of  the  mutation  is  transferred  by 
transduction  from  one  bacterium  to  an- 
other. 

The  observed  pattern  of  behavior  may 
be  explained  by  assuming  that  the  chromo- 


somal change  responsible  for  the  appear- 
ance of  streptomycin  resistance  frequently 
influences  the  function  of  an  adjacent  gene 
(thin),  which  controls  the  synthesis  of 
thiamine  and  nicotinic  acid;  further,  that 
different  mutational  changes  at  the  str 
locus  may  have  different  effects  on  the 
thin  gene;  and,  finally,  that  the  degree  of 
the  effect  is  determined  by  the  constitution 
of  the  genome. 

As  was  mentioned  earlier,  one  of  the 
streptomycin-resistant  mutants  isolated  in 
our  experiments  requires  arginine,  both 
properties  originating  simultaneously.  All 
efforts  to  isolate  additional  str-r  arg  mu- 
tants have  failed,  an  indication  that  such 
mutants  are  rare  by  comparison  with  str-r 
thin  mutants.  In  str-r  argG-10,  both  prop- 
erties are  transduced  together  as  a  unit. 
Unfortunately,  the  strain  is  lysogenic  and 
could  not  serve  as  a  donor  in  experiments 
to  determine  whether  thiamine  and  nico- 
tinic acid  requirements  would  occur 
among  the  transductants.  Since  the  strep- 
tomycin resistance  and  the  arginine  re- 
quirement could  not  be  separated  by  either 
transduction  or  mutation,  however,  it  ap- 
pears probable  that  an  arginine  locus  is 
placed  very  near  to  the  str  locus,  and  that 
in  this  instance  the  mutational  event  re- 
sponsible for  the  resistance  affected  both 
genes.  The  mutant  is  normal  as  regards 
thiamine  and  nicotinic  acid  synthesis,  and 
so  it  is  to  be  expected  that  this  arg  gene 
is  located  on  the  other  side  of  str  from  the 
thin  gene — that  is,  provided  that  the  same 
str  locus  is  involved  in  both  cases.  This 
point  is  now  being  tested  by  recombination 
experiments.  Unless  they  prove  otherwise, 
the  order  of  the  three  loci  can  be  assumed 
to  be  argG — str — thin.  As  was  stated  in 
the  previous  section,  argG  belongs  to  the 
ornithine  group  of  the  7  arg  loci  that  have 
been  identified. 


THE  NATURE  OF  THE  MATERIALS  OF  HEREDITY 

B.  P.  Kaufmann,  Helen  Gay,  M.  K.  Dutt,  A.  K.  Bal,  and  Jennie  Buchanan 

The  roles  of  chromosomal  materials  in      continued  to  engage  our  attention  during 
heredity,  growth,  and  development  have      recent  months.   Modern  tools  of  cytology 
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have  been  applied  in  an  effort  to  elucidate 
problems  of  cellular  behavior  that  are  re- 
lated to  changes  in  chromosomal  form  and 
function.  Living  cells,  as  components  of 
intact  organs  or  in  tissue  cultures,  have 
been  subjected  to  experimental  procedures 
designed  to  modify  specific  chromosomal 
materials  and  alter  their  patterns  of  asso- 
ciation with  one  another.  We  have  studied 
the  deformational  action  of  roentgen  rays 
and  near-infrared  rays  on  chromosomes, 
have  tested  the  mutagenic  effects  of  puri- 
fied nucleases  and  proteases  on  chromo- 
somal nucleic  acids  and  proteins,  and  have 
determined  the  patterns  of  incorporation 
of  radioisotopes  into  specific  components 
of  selected  types  of  chromosomes  at  various 
stages  of  development.  The  results  of  the 
experimental  treatments  have  been  ana- 
lyzed quantitatively  and  qualitatively  at 
the  levels  of  resolution  afforded  by  the 
light  microscope  and  the  electron  micro- 
scope. The  findings,  some  of  which  are 
still  in  preliminary  form,  are  outlined 
below. 

As  in  past  years,  our  work  has  been  sup- 
ported by  a  research  grant  (RG-149)  from 
the  National  Institutes  of  Health,  U.  S. 
Public  Health  Service.  An  additional 
USPHS  grant  (RG-5336),  administered 
by  the  Long  Island  Biological  Association, 
has  facilitated  some  aspects  of  our  pro- 
gram, particularly  in  the  field  of  electron 
microscopy.  Mrs.  Gloria  Gillies  and  Mrs. 
Evelyn  Balbinder  have  worked  with  us 
during  recent  months  under  the  terms  of 
the  second  grant. 

Gay  and  Kaufmann  have  maintained 
their  contacts  as  Guest  Investigators  at  the 
Brookhaven  National  Laboratory.  In  con- 
sequence of  a  plan  worked  out  between 
this  Department  and  the  Division  of 
Graduate  Studies  at  Adelphi  College  to 
improve  opportunities  for  advanced  bio- 
logical training,  Gay  and  Kaufmann  are 
supervising  the  research  programs  of  two 
candidates  for  the  Master's  degree,  namely, 
Miss  Alice  Akey  and  Mr.  William  Per- 
reault.   A  collaborative  study  of  pigment 


formation  in  Ephestia,  begun  last  summer 
by  Gay  and  Professor  Ernst  Caspari  of 
Wesleyan  University  while  Caspari  was 
in  residence  at  the  Biological  Laboratory, 
was  extended  during  the  winter  months. 

Kaufmann  and  Gay  have  continued  the 
editorial  assignments  enumerated  in  re- 
cent Year  Books,  and  Kaufmann  has  again 
served  as  a  member  of  the  Executive  Com- 
mittee of  the  Division  of  Biology  and 
Agriculture  of  the  National  Research 
Council,  and  as  a  member  of  the  NAS- 
NRC  Committee  on  the  Genetic  Effects 
of  Atomic  Radiation.  Dr.  Dipti  Mukher- 
jee  of  Lady  Brabourne  College,  Calcutta, 
India,  joined  our  group  in  September  for 
a  period  of  nine  months  as  a  Smith-Mundt 
Scholar,  sponsored  by  the  Institute  of  In- 
ternational Education.  She  has  spent  her 
time  in  the  laboratory  learning  the  tech- 
niques and  methods  of  electron  micros- 
copy. 

Effects  of  Deoxyribonuclease  on 
Chrom oso m al  Materials 

Deoxyribonuclease  may  act  as  a  muta- 
genic agent  under  specific  conditions  of 
treatment,  as  was  reported  by  Kaufmann, 
Gay,  and  Buchanan  in  Year  Book  58.  The 
data  available  at  the  time  our  statement 
was  prepared  indicated  that  a  1  mg/ml 
solution  of  the  enzyme  in  phosphate  buf- 
fer with  NaCl  and  MgS04,  at  pH  65  and 
an  ionic  strength  of  0.138,  injected  into  the 
abdominal  cavity  of  a  Drosophila  melano- 
gaster  male,  induced  sex-linked  lethal  mu- 
tations with  a  frequency  slightly  in  excess 
of  1  per  cent  and  reciprocal  translocations 
between  the  second  and  third  chromo- 
somes with  approximately  the  same  fre- 
quency. 

In  the  light  of  these  findings,  it  was  de- 
cided to  test  the  action  of  a  higher  concen- 
tration of  the  enzyme  (2.5  mg/ml  in 
phosphate  buffer),  and  to  attempt  to  in- 
crease the  chances  of  modifying  the 
chromosomes  in  spermatogenous  cells  by 
a  combination  of  two  treatments  with  the 
enzyme     solution — submersion    of    male 
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larvae  for  a  period  of  several  hours,  and 
injection  of  the  imagoes  developing  from 
the  larvae. 

As  anticipated,  there  was  greater  mortal- 
ity among  flies  subjected  to  the  combined 
treatments.  Contrary  to  expectation,  how- 
ever, the  males  surviving  these  treatments 
transmitted  through  their  gametes  a 
smaller  proportion  of  both  lethal  muta- 
tions and  chromosomal  rearrangements 
than  the  flies  of  the  earlier  experiments, 
which  had  merely  been  injected  with  a 
lower  concentration  of  enzyme.  In  one 
experiment,  we  detected  after  the  com- 
bined treatments  a  total  of  8  sex-linked 
lethals  among  1877  spermatozoa  tested,  a 
frequency  of  only  0.43  ±  0.15  per  cent,  and 
7  translocations  between  the  second  and 


difference  is  probably  referable  to  the  ex- 
tent of  degradational  changes  induced 
within  the  chromosomes  by  the  treatment. 

Although  the  frequencies  produced  by 
the  combined  treatments  were  lower  than 
those  of  our  earlier  experiments,  they  were 
higher  than  in  the  controls.  The  data  from 
all  completed  experiments,  with  a  measure 
of  their  significance,  are  presented  in 
table  9. 

During  the  search  for  induced  translo- 
cations among  the  F2  progeny  of  deoxy- 
ribonuclease-treated  males  mated  with 
Curly/Plum,  Hairless/Stubble  females,  it 
was  noted  that  some  of  the  culture  vials 
showed  a  marked  deficiency  of  wild-type 
flies,  particularly  males.  One  vial,  for  ex- 
ample,  contained   24   Pm/+,   H/+;    17 


TABLE  9.  Mutagenic  Action  of  Deoxyribonuclease  in  Drosophila  melanogaster.  Numbers  of  Sex- 
Linked  Lethals  and  Chromosomal  Rearrangements  among  the  Total  Numbers  of  Spermatozoa 
Tested 


Treatment 


Sex-Linked 
Lethals 


% 


Chromosomal 
Rearrangements 


% 


Deoxyribonuclease 
No  treatment 


62/8508  0.73  ±0.08 

7/4550  0.15  ±0.06 

Difference/S.E.  =  0.58/0.10 =5.8 


56/7896  0.71  ±0.09 

1/1484  0.07  ±0.06 

Difference/S.E.  =  0.64/0.12 =5.3 


third  chromosomes  among  2623  spermato- 
zoa tested,  a  frequency  of  only  0.27  ±0.10 
per  cent.  Differences  between  the  earlier 
and  later  results  seem  to  us  to  reflect  two 
aspects  of  the  efficacy  of  the  treatment. 
First  is  the  possibility  that  in  certain  treat- 
ments the  enzyme  molecules  fail  to  pene- 
trate the  spermatogenous  cells.  In  support 
of  this  possibility  stands  the  observation 
that  lethal  mutations  and  chromosomal  re- 
arrangements appeared  among  the  prog- 
eny of  certain  groups  of  treated  males  but 
were  wholly  absent  from  the  progeny  of 
other  groups.  If  the  enzyme  enters  the 
spermatogenous  cells,  a  second  factor  in- 
tervenes, namely,  impaired  viability  of  a 
fraction  of  the  gametes  (or  the  resulting 
zygotes) .  This  impairment  leads  to  elimi- 
nation of  a  larger  proportion  of  the  treated 
cells  with  higher  concentrations  of  deoxy- 
ribonuclease than  with  lower  ones.    The 


Pm/+,  +/+;  16  +/  +  ,  H-/+;  but  only 
1  +/+,  +/  +  .  Since  the  +/+,  +/+ 
flies  carried  second,  third,  and  fourth 
chromosomes  derived  from  gametes  that 
had  been  exposed  to  the  action  of  deoxy- 
ribonuclease (and  the  males  carried  in  ad- 
dition an  exposed  Y  chromosome),  it 
seemed  advisable  to  make  a  statistical 
analysis  of  the  types  of  flies  and  propor- 
tions of  males  and  females  appearing 
among  the  second-generation  progeny  of 
the  treated  males. 

The  parent  wild-type  males  were  of  the 
Oregon-R  EL2  stock.  Treatment  consisted, 
as  mentioned  above,  in  submersion  of  lar- 
vae in  the  solution  to  be  tested  (for  a 
period  of  4  to  6  hours)  and  subsequent  in- 
jection of  imagoes  with  a  solution  of  the 
same  chemical  constitution  and  osmotic 
properties.  The  basic  solution  contained 
2.5  mg  of  deoxyribonuclease  per  ml  of 
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phosphate  buffer,  with  added  NaCl  and 
MgSC>4,  at  /?H  6.5  and  an  ionic  strength 
of  0.138.  In  an  effort  to  increase  the  muta- 
genic action  of  the  basic  solution,  two 
modifications  were  tried.  In  one,  trypsin 
was  added  in  a  concentration  of  0.1 
mg/ml  (higher  concentrations  of  this  pro- 
tease proved  toxic  when  injected  into 
adult  males).  In  the  other,  a  "touch"  of 
Tween  80  was  added,  in  the  hope  that  the 
detergent  might  facilitate  penetration  of 
the  enzyme  solution  into  spermatogenous 
cells. 

After  treatment,  the  surviving  wild-type 
males  were  mated  with  virgin  SMI  at2 
Cy  sp2/Pm,  HjSb  females.  The  four  kinds 


modified  in  a  statistically  significant  way 
the  action  of  the  basic  formula,  as  shown 
by  an  analysis  of  variance  within  and 
between  the  three  experimental  groups. 
Therefore,  the  three  samples  may  be  re- 
garded as  having  been  drawn  from  a 
single,  normally  distributed  population, 
and  the  data  can  be  grouped  for  compari- 
son with  the  control  data.  The  control 
data  were  derived  from  males  that  had  not 
been  treated  by  either  submersion  or  in- 
jection. Additional  data  are  being  col- 
lected by  examining  the  F2  progeny  of 
males  treated  by  submersion  and  injection 
with  phosphate  buffer  alone  (that  is,  with- 
out deoxyribonuclease) . 


TABLE  10.    Analysis  of  F2  Progeny  from  Crosses  between  Deoxyribonuclease-Treated  Wild-Type 
Males  and  Cy/Pm,  H/Sb  Females  of  Drosophila  melanogaster 

D  refers  to  the  second-chromosome  dominant  marker,  either  Cy  or  Pm;  D'  refers  to  the  third- 
chromosome  dominant  marker,  either  H  or  Sb. 


Classes  of  F2  Progeny 


Treatment 


D/+,D'/+       D/+, +/+      +/-j-,D'/+    +/+,+/+ 


No.        % 


No. 


No.        %        No.       % 


Sex  Ratio 


Totals     %??  %dtf 


Deoxyribo- 
nuclease 18,555     33.2      13,662     24.5  14,555     26.0  9112     16.3  55,884      59.3      40.7 
No  treatment  4,745     30.6       3,890     25.0  3,854     24.8  3054     19.6  15,543      54.5      45.5 

Chi-square  test  of  uniformity  of  distribution  in  treated  and  untreated  gives  a  value  of  P<  0.0001 


of  Fi  males  (Cy/+,  H/+ ;  Cy/  +  ,  Sb/+ ; 
Pm/  +  ,  H/+;  and  Pm/  +  ,  Sb/  +  )  were 
mated  individually  with  virgin  Oregon-R 
EL2  females.  From  each  of  these  four 
types  of  crosses,  individuals  of  four  classes 
were  obtained  (unless  a  translocation  had 
occurred  between  the  second  and  third 
chromosomes,  when  only  two  viable  classes 
were  detected).  For  example,  Cy/  +  , 
H/+X+/  +  ,  +/+  produced  Cy/  +  , 
H/+;  Cy/  +  9  +/+;  +/  +  ,  H/+;  and 
+/  +  ,  +/  +  .  Each  of  the  F2  flies  was 
classified  with  respect  to  these  second-  and 
third-chromosome  markers  and  also  iden- 
tified as  to  sex.  The  data  are  summarized 
in  table  10. 

In  the  first  place,  it  should  be  remarked 
that  neither  of  the  substances  added  to  the 
buffered    solution    of    deoxyribonuclease 


Inspection  of  table  10  reveals  that  flies 
carrying  dominant  markers  in  the  second 
and  third  chromosomes  (Cy/  +  ,  H/+; 
Cy/  +  ,Sb/+;Pm/+,H/+;  andPm/  +  , 
Sb/  +  )  were  produced  with  a  much  higher 
frequency,  and  that  those  carrying  the 
wild-type  alleles  (  +  /  +  ,  +/  +  )  were  pro- 
duced with  a  much  lower  frequency,  than 
would  be  expected  on  the  basis  of  an  as- 
sumed 1:1:1:1  ratio  among  the  four 
classes  of  progeny.  That  this  departure 
from  a  uniform  distribution  is  not  at- 
tributable solely  to  the  experimental  treat- 
ment is  clearly  shown  by  the  control  data. 
Such  ratios  among  the  controls  might  con- 
ceivably be  ascribable  to  factors  operating 
at  either  the  meiotic,  gametic,  or  zygotic 
level:  for  example,  preferential  segrega- 
tion in  meiosis,  functional  inadequacy  of 
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certain  classes  of  spermatozoa,  dominant- 
lethal  effects  impairing  developmental 
processes,  or  inferior  viability  of  certain 
classes  of  progeny.  The  difference  between 
the  control  and  experimental  values,  how- 
ever, cannot  be  attributed  solely  to  sam- 
pling errors  (as  measured  by  the  chi- 
square  test,  P<  0.0001).  This  finding  sug- 
gests that  some  aspect  of  the  treatment 
modified  adversely  either  the  production 
or  the  viability  of  a  small  fraction  of  the 
potential  yield  of  wild-type  F2  flies.  But 
whether  the  effect  was  due  to  the  action 
of  the  deoxyribonuclease  molecules,  as  we 
assume,  or  to  some  other  factor  (e.g.,  the 
action  of  the  phosphate  buffer  per  se) 
cannot  be  known  with  certainty  until  addi- 
tional control  data  are  in  hand. 

The  treatment  also  had  a  marked  effect 
on  sex  ratio.  Whereas  the  over-all  counts 
of  the  controls  showed  frequencies  of  45.5 
per  cent  males  and  54.5  per  cent  females, 
those  of  the  experimental  samples  showed 
a  ratio  of  40.7  per  cent  males  to  59.3  per 
cent  females.  Here,  again,  the  differences 
between  control  and  experimental  values 
are  statistically  significant. 

Details  of  the  refined  statistical  analysis 
cannot  be  given  in  this  summary  report. 
It  will  be  apparent  that  a  study  which 
started  as  a  test  of  mutagenic  activity  has 
broadened  out  into  an  analysis  of  the  com- 
petitive advantages  and  disadvantages,  in 
fertilization  or  development,  of  cells  carry- 
ing chromosomes  that  have  been  exposed 
to  chemical  treatment.  By  way  of  explana- 
tion of  the  results,  it  may  be  noted  that  F2 
flies  characterized  by  the  two  dominant 
markers  did  not  have  either  a  second  or 
a  third  chromosome  contributed  by  the 
treated  male;  that  those  having  a  second- 
chromosome  dominant  marker  (Cy/  +  , 
+  /+  or  Pm/+,  +/  +  )  carried  a  treated 
third  chromosome;  that  those  having 
a  third-chromosome  dominant  marker 
(  +  /  +  ,  H/+  or  +/  +  ,  Sb/+)  carried  a 
treated  second  chromosome;  and  that  those 
lacking  dominant  markers  (the  +/+, 
+  /+    flies)    carried  treated   second   and 


third  chromosomes.  In  addition,  all  the 
F2  males  carried  a  Y  chromosome  derived 
from  a  spermatozoon  (or  an  ancestral 
cell)  that  was  exposed  to  the  action  of 
deoxyribonuclease. 

We  have  not  determined  the  types  of 
physical  or  chemical  change,  induced 
within  the  treated  chromosomes,  that  mili- 
tated against  the  survival  of  the  wild-type 
F2  progeny.  The  presence  of  a  number  of 
dominant  visible  mutations  (for  example, 
several  Notches)  suggested  that  the  treat- 
ment might  have  produced  small  chromo- 
somal deficiencies.  No  large  deficiencies  or 
other  gross  chromosomal  alterations  were 
observed,  however,  in  an  examination  of 
salivary-gland  chromosomes  from  the  prog- 
eny of  four  wild-type  flies  that  were  the 
only  representatives  of  the  +/  +  ,  +/  + 
class  in  three  different  vials. 

In  an  effort  to  determine  whether  the 
marked  departures  from  random  distribu- 
tion among  the  four  classes  of  F2  progeny 
were  referable  to  unique  properties  of  the 
chromosomes  of  the  inbred  Oregon-R  EL2 
stock,  a  pilot  experiment  was  undertaken 
in  which  Canton-S  males  were  injected 
with  deoxyribonuclease  solution  and  mated 
with  Cy/Pm;  H/Sb  virgin  females. 
Among  some  8600  F2  flies  derived  from 
two  separate  batches  of  injected  males,  the 
four  classes  were  represented  in  approxi- 
mately equal  numbers  (the  actual  distribu- 
tion, when  compared  by  the  chi-square 
test  with  a  theoretical  1:1:1:1  ratio,  gave 
a  value  of  P  around  0.01).  Since  control 
data  for  the  Canton-S  stock  are  not  avail- 
able at  the  time  of  writing  this  report,  it 
is  impossible  to  assess  the  significance  of 
the  findings.  One  might  assume,  offhand, 
that  the  treatment  was  not  mutagenic  or 
was  highly  ineffective;  yet  reciprocal  trans- 
locations and  visible  dominant  mutations 
were  detected  among  these  F2  progeny. 

During  recent  years,  geneticists  have  ex- 
pressed their  great  concern  about  the  im- 
pact of  ionizing  radiations  on  humans, 
particularly  on  populations  as  measured 
over  long  periods  of  time.  Warnings  have 
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also  been  issued  about  the  possible  genetic 
effects  of  the  variety  of  chemicals  that  man 
has  introduced  into  his  environment  as  his 
technology  has  advanced.  The  findings  of 
the  present  study,  although  obtained  in 
experiments  with  the  vinegar  fly  Drosoph- 
ila,  serve  to  underscore  the  significance 
of  our  concern  with  the  possible  deleteri- 
ous action  of  what  may  generally  be  re- 
garded as  relatively  harmless  chemical 
agents.  Our  group  does  not  propose  to 
extend  its  investigations  into  the  field  of 
population  genetics,  but  a  comparison  of 
the  behavior  of  chemically  treated  chromo- 
somes in  a  variety  of  genetic  backgrounds 
might  provide  useful  information  about 
the  selective  disadvantages — or  advantages 
— of  chemically  induced  gene  or  chromo- 
some aberrations  throughout  successive 
generations. 

Structure  of  the  Salivary -Gland 
Chromosome 

As  was  mentioned  in  Year  Book  58,  a 
radioautographic  study  in  extension  of  the 
work  of  Woods,  Sengiin,  and  Kaufmann 
(Year  Book  56)  was  undertaken  last  sum- 
mer by  Gay  in  collaboration  with  Sengiin. 
The  earlier  experiments  were  designed  to 
trace  the  pattern  of  incorporation  of  triti- 
ated  thymidine  into  the  newly  synthesized 
DNA  of  salivary-gland  chromosomes  of 
D.  melanogaster.  Considerable  variability 
was  observed  in  the  radioautographs  of  the 
original  experiment,  but  it  appeared  that 
when  the  isotope  was  administered  for  a 
short  period  during  early  larval  develop- 
ment only  a  single  grain  occurred  within 
any  band  across  the  width  of  the  fully  de- 
veloped chromosome  of  late  third  instar. 
In  some  preparations  a  linear  pattern  of 
grains  parallel  to  the  length  of  the  chromo- 
some was  observed,  suggesting  that  only  a 
single  strand  had  been  synthesized  during 
the  early  larval  stage  when  the  isotope  was 
available. 

Evidence  in  support  of  the  above-men- 
tioned observations  and  of  the  hypothesis 
that  the  development  of  the  giant  chromo- 


some involves  a  manifold  increase  in  num- 
ber of  chromonemata  has  been  provided  by 
our  more  recent  experiments.  They  were 
made  with  tritiated  thymidine  having  a 
higher  specific  activity,  so  that  the  treat- 
ment time  could  be  shorter.  Young  larvae 
from  hatching  eggs  were  placed  on  a  ra- 
dioactive food  medium  for  1,  3,  6,  12,  24, 
or  48  hours  and  then  transferred  to  non- 
radioactive food  for  the  remainder  of  larval 
life.  In  a  sequel  to  this  experiment  the 
larvae  were  allowed  to  age  on  nonradioac- 
tive food  for  three  different  time  intervals, 
namely,  24,  72,  or  120  hours,  before  being 
placed  on  radioactive  food  for  1,  3,  6,  or  12 
hours.  In  all  these  experiments,  Feulgen- 
stained  smear  preparations  were  made  of 
mid-  to  late-third-instar  salivary  glands 
and  gastric  caeca.  Sections  of  salivary 
glands  were  also  prepared,  some  from  lar- 
vae at  the  time  of  their  removal  from  ra- 
dioactive food  and  others  from  larvae  in 
mid-  to  late-third-instar  stages  of  develop- 
ment. The  preparations  show  only  one  or 
two  silver  grains  across  the  width  of  a 
band  in  a  mature  salivary-gland  chromo- 
some when  tritiated  thymidine  was  ad- 
ministered to  the  newly  hatched  larva  for 
a  short  period  of  time,  1  to  12  hours.  On 
the  other  hand,  many  silver  grains  cover 
the  whole  width  of  the  chromosome  if 
treatment  was  continued  for  48  hours,  or 
if  the  larva  was  72  or  120  hours  old  when 
radioactive  material  first  became  available 
for  incorporation.  These  findings  imply 
that  the  relatively  few  strands  of  the  young 
larval  salivary-gland  chromosome  undergo 
a  continuous  process  of  replication  during 
larval  development  to  produce  the  multi- 
tude of  chromonemata  in  the  mid-  to  late- 
third-instar  chromosome. 

In  other  experiments,  salivary-gland 
chromosomes  were  heavily  labeled  with 
tritiated  thymidine  by  treating  larvae  from 
the  time  of  hatching  until  late  second  in- 
star  and  then  transferring  them  to  nonra- 
dioactive food.  The  results,  which  are  of 
a  preliminary  nature,  suggest  that  some  of 
the  labeled  material  may  be  lost  from  the 
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chromosomes  during  late  third  instar.  A 
fuller  presentation  of  these  observations, 
and  of  studies  dealing  with  the  incorpora- 
tion of  tritiated  thymidine  into  chromo- 
somes of  the  gastric  caeca,  will  appear  in 
next  year's  report. 

Electron-Microscope  Studies  of 
Tradescantia 

Bal  has  continued  his  studies  of  meiotic 
stages  and  postmeiotic  divisions  during 
microgametogenesis  in  the  spiderwort, 
Tradescantia  paludosa.  One  aspect  of  the 
program  concerns  the  method  of  forma- 
tion of  the  attachment  plate  that  serves  to 
anchor  the  chromosomes  at  one  side  of  the 
nucleus  during  the  "bouquet  stages"  of 
first  meiotic  prophase.  Electron-micro- 
scopic examination  of  ultrathin  sections 
has  confirmed  the  interpretation  presented 
in  Year  Book  58.  During  early  leptonema, 
the  nucleoli  gradually  move  toward  one 
side  of  the  nuclear  membrane,  coalescing 
in  this  process  so  as  eventually  to  form  an 
aggregate  body  that  is  closely  appressed  to 
the  membrane.  By  the  end  of  the  zygo- 
tene stage,  formation  of  the  attachment 
plate  is  complete  (plate  2,  A). 

During  leptonema  the  nucleoli  reveal 
some  osmiophilic  granules,  similar  to  those 
observed  by  Lafontaine  in  the  nucleoli  of 
root-tip  nuclei  of  Allium  and  Vicia.  These 
granules  seem  to  disappear  during  zygo- 
nema, however;  they  were  not  observed 
during  the  later  zygotene  stages  in  micro- 
sporocytes  of  Tradescantia.  In  material 
fixed  with  potassium  permanganate  rather 
than  buffered  osmium  tetroxide,  the  gran- 
ules were  never  detected.  It  should  be 
noted  in  this  connection  that  the  attach- 
ment plate  contains  only  weakly  electron- 
scattering  material  after  permanganate 
fixation  (plate  2,  5),  which  indicates  that 
a  considerable  amount  of  densely  scatter- 
ing substance,  probably  including  ribonu- 
cleoprotein  granules,  is  lost  in  the  course 
of  fixation  or  postfixation  treatment. 

The  chromosomes,  as  disclosed  in  ultra- 
thin  sections  of  leptotene  or  zygotene  nu- 


clei, exhibit  some  striking  structural  de- 
tails. Electron-dense  fibrillar  areas,  about 
350  A  in  diameter,  are  clearly  delimited 
from  other  chromosomal  materials  (plate 
2,  A,  B)  .  They  resemble  the  so-called  pair- 
ing cores  of  synaptinemal  complexes  that 
are  clearly  defined  during  early  meiotic 
prophases  in  spermatocytes  of  many  species 
of  animals  but  have  only  occasionally  been 
described  in  plant  materials.  Whorl-like 
arrangements  of  the  chromosomal  fibers 
lying  close  to  the  nuclear  membrane  are 
also  evident  during  zygonema.  They  prob- 
ably represent  cross-sectional  views  of 
chromosomal  loops,  formed  by  adjust- 
ments of  the  chromosomes  as  they  elongate 
within  the  nuclear  cavity  during  the 
formation  of  the  bouquet  configuration 
(plate  3,  A). 

Considerable  evidence  has  accumulated 
in  recent  years  that  cells  of  common  origin 
may  remain  connected,  for  a  time  at  least, 
by  cytoplasmic  bridges.  Secondary  sper- 
matogonia, secondary  spermatocytes,  and 
young  spermatids  of  D.  melanogaster,  for 
example,  have  such  intercellular  connec- 
tives, as  was  illustrated  in  Year  Book  56. 
Similar  cytoplasmic  bridges  have  now  been 
seen  in  electron  micrographs  of  thin  sec- 
tions of  cells  of  Tradescantia  at  leptonema 
(plate  3,  B).  The  bridges  probably  serve 
to  synchronize  the  stages  of  development 
of  sporogenous  cells,  which  form  a  com- 
pact mass  within  the  cavity  of  the  anther 
during  early  meiotic  prophases.  Later,  the 
connectives  are  broken  as  the  cells  become 
separated  from  one  another  to  form  inde- 
pendent microsporocytes.  The  pattern  of 
synchronization  established  in  the  earlier 
stages  persists  with  a  high  degree  of  uni- 
formity, however,  until  the  time  of  forma- 
tion of  the  mature  pollen  grain. 

One  of  the  most  interesting  and  chal- 
lenging aspects  of  the  study  of  pollen-grain 
development  lies  in  the  analysis  of  the 
postmeiotic  divisions  that  lead  to  the  for- 
mation of  the  male  gametophyte,  for  it  is 
during  this  period,  when  the  quartet  of 
cells  produced  by  the  microspore  mother 


448 


CARNEGIE  INSTITUTION  OF  WASHINGTON 


cell  has  separated,  that  the  pollen-grain  nu- 
cleus divides  to  form  the  vegetative  and 
generative  nuclei.  Since  these  two  nuclei 
are  structurally  dissimilar  and  have  physio- 
logically different  potentialities  from  the 
time  of  their  origin,  a  unique  opportunity 
is  afforded  to  analyze  the  process  of  dif- 
ferentiation as  it  occurs  within  an  essen- 
tially closed  system  (free  from  the  influ- 
ence of  connected,  adjoining  cells)  such  as 
the  pollen  grain  with  its  thick  encircling 
wall.  Some  progress  in  this  direction  has 
been  made  by  means  of  electron  micros- 
copy. 

Shortly  after  its  formation,  the  genera- 
tive nucleus  (which  will  later  give  rise  to 
the  two  male  gametes)  assumes  a  cres- 
centic  shape.  Electron  micrographs  show 
that  it  has  a  nuclear  membrane  with  a 
regular,  clearly  defined  pattern  of  "pores." 
The  vegetative  nucleus,  on  the  other  hand, 
takes  a  more  or  less  spherical  form,  but  its 
margin  is  irregular,  with  tenuous  processes 
extending  into  the  surrounding  cytoplasm 
(plate  3,  C).  Results  of  studies  with  both 
the  phase-contrast  and  the  electron  micro- 
scope suggest  that  the  vegetative  nucleus 
has  some  amoeboid  characteristics.  Ex- 
amination of  a  series  of  electron  micro- 
graphs has  indicated,  moreover,  that  the 
extensions  of  the  nucleus  may  play  a  part 
in  the  release  of  fragments  of  the  nuclear 
membrane  into  the  cytosome.  There  they 
assumedly  participate  in  the  production  of 
cytoplasmic  organelles,  a  process  analogous 
to  the  blebbing  phenomenon  originally 
described  by  Gay  and  interpreted  as  a 
method  for  the  production  of  cytomem- 
branes  in  Drosophila.  At  the  time  of  maxi- 
mum activity  of  the  vegetative  nucleus  in 
Tradescantia,  there  is  an  enormous  in- 
crease in  such  cytoplasmic  organelles  as 
mitochondria,  ergastoplasmic  membranes, 
and  Golgi  bodies  (plate  3,  C).  Their  pro- 
duction is  assured  by  the  materials  and 
sources  of  energy  available  in  the  pollen 
grain;  but  the  organelles  themselves  seem 
to  be  dispensable  items,  since  they  disap- 
pear in  the  course  of  formation  of  the  pol- 


len tube.  Electron  micrographs  of  sections 
of  the  pollen  tube  show  only  remnants  of 
the  organelles  in  the  form  of  structurally 
indefinable  debris. 

Cytological  Changes  in  the  Testis  Sheath 
of  Ephestia  during  Development 

Gay  and  Dr.  Ernst  Caspari  have  col- 
laborated in  a  pilot  study  to  visualize 
with  the  electron  microscope  the  cellular 
changes  that  occur  when  a  known  gene 
controls  the  formation  of  a  specific  sub- 
stance. In  the  meal  moth,  Ephestia,  a  yel- 
low pigment  appears  in  the  outer  layer  of 
the  testis  sheath  (the  tunica  externa)  dur- 
ing the  last  larval  instar  and  is  present 
until  a  late  pupal  stage.  Caspari  and  his 
collaborators  had  analyzed  the  nature  of 
this  pigment  and  determined  how  much 
is  present  during  development  in  three  dif- 
ferent strains:  the  wild  type,  the  act  strain 
(a  red-eyed  mutant  homozygous  for  the 
gene  a),  and  the  wa  strain  (a  white-eyed 
mutant  homozygous  for  the  gene  wa). 

Their  determinations  of  changes  in  the 
testis  sheath  were  obtained  mainly  by  bio- 
chemical methods,  such  as  paper  chroma- 
tography, spectrofluorimetry,  and  micro- 
biological assay.  They  concluded  that  the 
yellow  pigment  occurs  in  rodlets,  contains 
a  relatively  large  amount  of  riboflavin,  and 
varies  in  amount  in  the  three  strains 
studied.  They  also  found  that  the  pigment 
and  riboflavin  that  are  present  in  the  wild- 
type  strain  occur  in  much  higher  concen- 
tration in  the  aa  strain  but  are  virtually 
absent  in  the  wa  strain.  They  sought  col- 
laboration with  Gay  in  order  to  attempt  a 
cytological  analysis,  with  the  electron  mi- 
croscope, of  changes  taking  place  in  the 
outer-layer  cells  of  the  testis  sheath  during 
development. 

Meal  moths  of  the  three  strains  men- 
tioned above  were  selected  at  three  stages 
of  development :  the  last  larval  instar,  pre- 
pupa,  and  pupa.  The  testes  were  fixed 
with  osmium  and  imbedded  in  methacry- 
late  according  to  the  usual  procedures  for 
electron   microscopy.    Thin   sections    (ca. 
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0.05  u)  were  prepared  for  electron  micros- 
copy, and  adjacent  thicker  sections  (ca. 
1  u)  for  light  microscopy.  Electron-micro- 
scope examination  of  this  material  revealed 
that  the  cytoplasm  of  the  outer-layer  cells 
of  the  testis  sheath  of  the  wild-type  strain 
contains  structures  similar  in  shape  and 
size  to  the  yellow  rodlets  identified  by  Cas- 
pari  and  Blomstrand.  The  number  of  these 
rodlets  also  appears  to  increase  from  the 
last  larval  instar  until  the  time  of  pupation. 

It  was  anticipated  that  these  rodlets 
would  be  abundant  in  the  cytoplasm  of 
outer-layer  cells  of  the  aa  strain.  None  of 
the  electron  micrographs,  however,  showed 
any  evidence  of  them  in  the  aa  specimens 
examined.  Light  microscopy  of  the  thick 
sections  provided  no  information  about 
the  rodlets,  for  they  could  not  be  detected 
with  certainty,  even  with  the  phase  micro- 
scope, in  the  wild-type  cells  where  electron 
micrographs  had  revealed  their  presence. 
Caspari  and  Blomstrand  had  observed  the 
yellow  rodlets  in  fresh  material  spread  out 
in  a  saline  solution.  Failure  to  observe  the 
rodlets  in  the  electron  micrographs  of  the 
three  stages  of  the  aa  strain  might  be  at- 
tributed to  improper  fixation  of  these 
structures,  but  since  they  were  processed 
in  the  same  way  as  the  wild-type  material, 
which  showed  the  rodlets  unequivocally, 
this  possibility  is  considered  remote. 

Although  the  wild  type  and  the  aa  strain 
differ  as  regards  the  presence  of  rodlets, 
they  resemble  each  other  and  differ  from 
the  wa  strain  in  several  other  respects.  In 
all  three  strains  the  cytoplasm  within  cells 
of  the  outer  layer  of  the  testis  sheath  is 
rather  clearly  differentiated  into  two  types. 
There  is  a  dense  cytoplasm,  frequently  lo- 
cated near  or  around  the  nucleus,  which 
consists  of  mitochondria  and  cytoplasmic 
membranes  interspersed  with  very  fine 
granular  material.  This  kind  of  cytoplasm 
is  more  abundant  in  larval  cells  than  at 
later  stages.  The  remainder  of  the  cyto- 
plasm is  made  up  of  small  vesicles,  about 
600  to  700  A  in  diameter,  which  may  rep- 
resent one  form  of  the  endoplasmic  reticu- 
lum or  ergastoplasm. 


It  is  in  this  type  of  cytoplasm  that  the 
yellow  rodlets  of  the  wild-type  strain  are 
located.  As  the  meal  moth  develops  from 
larva  to  pupa,  this  cytoplasm  becomes  more 
abundant  and  the  vesicles  more  loosely  ar- 
ranged, that  is,  more  widely  separated 
from  one  another.  In  the  prepupal  and 
pupal  stages,  the  vesicular  cytoplasm  looks 
"lacy"  because  of  the  presence  of  many 
large  irregular-shaped  vacuoles,  which  fre- 
quently contain  dense  fibrous  material. 
This  modification  of  the  vesicular-type 
cytoplasm  occurs  in  both  the  wild  type  and 
the  aa  strain,  but  seems  to  appear  earlier  in 
development  in  the  mutant.  In  the  wa 
strain  the  small  vesicles  are  not  pro- 
nounced or  abundant  until  pupation. 
Whether  such  differences  in  cytoplasmic 
morphology  among  the  three  strains  are 
related  to  genetically  determined  differ- 
ences in  accumulation  of  riboflavin  re- 
mains to  be  ascertained.  If  a  correlation 
is  found,  these  observations  will  suggest  a 
difference  among  the  three  strains  with 
regard  to  the  time  of  initiation  of  the 
chemical-reaction  system  that  produces  the 
yellow  rodlets.  The  micrographs  thus  ap- 
pear to  provide  a  visual  demonstration  of 
the  mode  of  action  of  different  gene  alleles. 

Some  changes  in  nuclear  morphology 
and  in  the  morphology  of  the  inner  layer 
of  the  testis  sheath  in  the  three  strains  of 
Ephestia  have  been  recorded.  They  will 
be  reported  at  a  later  date,  after  the  present 
pilot  experiment  has  been  repeated  with 
more  accurate  timing  of  the  developmental 
stages,  and  with  concomitant  cytological 
observations  of  fresh  material  to  correlate 
the  presence  of  yellow  rodlets  with  the 
production  of  riboflavin. 

Spermio  genesis  in  Drosophila 

Gay  and  Dr.  Dipti  Mukherjee  have  col- 
laborated in  further  studies  of  the  struc- 
tural changes  that  accompany  formation  of 
the  mature  sperm  in  D.  melanogaster.  Pre- 
vious work  had  shown  that  the  uniformly 
distributed,  fine,  coiled  threads  of  the 
spherical  early-spermatid  nucleus  become 
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condensed  and  aggregated  into  groups  in 
the  course  of  spermiogenesis.  As  the  sper- 
matid elongates,  so  does  the  nucleus;  and 
during  this  change  of  form  the  fibrous 
chromosomal  material  becomes  arranged 
toward  one  side  of  the  nucleus.  The  fin- 
est fibers  are  about  70  A  in  diameter,  but 
they  are  intertwined  to  form  aggregates. 
These  large  composite  strands  appear  to  be 
plaited  or  coiled  into  chromosome-like 
units.  Gay  and  Mukherjee  have  now  found 
that  the  part  of  the  attenuated  nucleus 
lacking  chromosomal  material,  presum- 
ably containing  nucleoplasm,  forms  a  large 
vesicle.  Preliminary  observations  suggest 
that  this  vesicle  is  sloughed  off  by  the  cell 
during  later  stages  of  spermiogenesis.  The 
elongated  nucleus  ultimately  assumes  a 
slender  spoon-shaped  form,  with  a  narrow 
concavity  in  the  region  that  the  vesicle 
originally  occupied.  In  the  subsequent 
process  of  nuclear  elongation  the  chromo- 
somal strands,  composed  of  the  aggregated 
70  A  fibers,  become  very  compact  and 
dense,  whereas  the  surrounding  nucleo- 
plasm appears  vesicular,  suggesting  a  loss 
of  nonessential  chromosomal  material.  A 
cytochemical  study  of  these  stages  is  under 
way,  and  it  is  hoped  that  some  informa- 
tion may  be  obtained  about  the  chemical 
nature  of  the  nuclear  material  that  is  ap- 
parently eliminated. 

Studies  of  the  transformation  of  the 
"nebenkern"  into  the  mitochondrial  sheath 
of  the  axial  filament  have  shown  that  the 
paired  ribbon  filaments  contain  a  dense 
rodlike  structure.  Present  observations  sug- 
gest that  the  anlagen  of  the  dense  sub- 
stance arise  in  both  of  the  nebenkern 
derivatives  during  early  spermatid  develop- 
ment, but  that  the  dense  rod  may  be  re- 
stricted to  a  single  filament  in  the  mature 
spermatozoon. 

In  Year  Book  56,  intercellular  connec- 
tions were  demonstrated  in  spermatogonia 
and  early  spermatids  of  D.  melanogaster. 
Our  present  investigations  indicate  that 
these  connections  are  also  maintained  until 
the  late  spermatid  stages,  when  they  are 


discernible  in  the  tail  regions  of  the  asso- 
ciated cells. 

Amount  of  DNA  in  a  Stable  Diploid 
Strain  of  Human  S\in  Fibroblasts 

Cells  grown  in  vitro  by  the  usual  meth- 
ods of  tissue  culture  exhibit  considerable 
changes  in  chromosome  number  and  in 
amount  of  DNA.  Such  heteroploid  cul- 
tures are  ultimately  replaced  by  a  typical 
aneuploid  strain  as  the  result  of  selection. 
Much  less  variation  in  chromosome  num- 
ber occurs  in  diploid  strains  cultivated  in 
appropriate  growth  medium.  A  stable 
strain  of  human  cells  of  fibroblast  type  de- 
rived from  the  skin,  which  had  been 
grown  for  a  long  period  of  time  in  the 
laboratory  of  Dr.  Hermann  Moser,  main- 
tained for  the  most  part  the  diploid  chro- 
mosome number.  After  irradiation,  some 
of  the  cells  grew  into  "giants."  They  then 
divided  sporadically,  but  after  the  cessa- 
tion of  division  they  remained  in  an  active 
metabolic  state  for  a  long  time  if  the  nu- 
trient was  continually  replenished.  Dutt 
has  attempted  to  find  out  whether  the  in- 
crease in  size  of  these  cells  was  correlated 
with  an  increase  in  their  content  of  DNA. 
No  earlier  data  are  available  on  this  point 
as  far  as  stable  diploid  strains  are  con- 
cerned. 

The  skin  fibroblasts  were  grown  in 
TCM  1(B)  in  large  culture  bottles.  Cells 
treated  with  X  rays  were  exposed  in  the 
culture  bottles  to  a  total  dose  of  1600  r 
within  a  span  of  39  minutes.  After  being 
loosened  from  the  bottle  by  trypsinization, 
cells  were  plated  on  slides  kept  in  large 
Petri  dishes,  where  they  were  grown  for 
7  to  10  days,  then  fixed  and  analyzed  by 
Feulgen  microspectrophotometry.  Control 
cells  were  handled  in  the  same  way.  Most 
of  the  preparations  were  fixed  in  acetic 
acid-alcohol  (3:1);  a  few  were  fixed  in 
10  per  cent  neutral  formalin  for  subsequent 
staining  of  histone  by  the  alkaline  fast- 
green  technique. 

Amounts  of  DNA  were  measured  by 
the  two-wavelength  method  with  a  250- 
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DNA  values  (in  arbitrary  units) 

Fig.  3.  Relative  amounts  of  DNA,  expressed 
in  arbitrary  units,  in  nuclei  of  a  stable  diploid 
strain  of  human  fibroblasts  chosen  at  random. 

mm  monochromator.  Readings  were  taken 
with  a  galvanometer  in  conjunction  with 
a  photomultiplier  and  phototube. 

Before  any  measurements  were  made, 
the  equipment  was  checked  for  linearity 
of  response  in  respect  to  area,  and  was 
found  to  maintain  linearity  of  current  out- 
put with  increasing  incident  light  up  to  a 
diameter  of  11.0  mm,  the  effective  aper- 
ture of  the  phototube,  for  a  series  of  wave- 


lengths in  different  regions  of  the  spec- 
trum. The  two  wavelengths  Ai  and  A2  were 
chosen  on  the  basis  of  absorption  curves  of 
16  nuclei  from  a  slide  containing  control 
cells.  Since  a  wide  range  of  extinction 
values  (0.071  to  0.225)  was  obtained  be- 
tween 550  and  570  mjj,  the  mean  of  all  the 
values  at  570  m(j  was  selected  as  Xi;  and  A2 
was  determined  as  510  m|J,  according  to 
the  relation  Ai:=2A2.  Reliability  of  the 
measurements  was  further  confirmed  by 
comparing  transmission  data  of  three  neu- 
tral density  filters  and  a  Wratten  no.  66 
filter  with  data  provided  by  the  Beckman 
spectrophotometer . 

Amounts  of  DNA  were  measured  in 
each  of  273  unirradiated  and  305  X-ray- 
treated  cells,  selected  at  random  regardless 
of  size.  The  data  are  represented  in  the 
form  of  a  histogram  (fig.  3) .  It  is  apparent 
that  the  DNA  values  for  the  control  and 
the  irradiated  cells  agree  very  well  within 
the  range  between  50  and  380  arbitrary 
units.  Values  above  380  units  were  en- 
countered in  4  per  cent  of  cells  in  the  con- 
trols but  in  13.4  per  cent  of  cells  in  the 
treated  cultures. 

The  second  histogram  (fig.  4),  which 
shows  the  number  of  cells  in  each  of  a 
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Fig.  4.      Classification  of  cells  according  to  nuclear  diameters  (10  u  to  19  u).   Black  represents 
nuclei  whose  DNA  content  was  determined;  white  represents  the  total  number  of  nuclei  measured. 
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series  of  arbitrarily  chosen  classes  of  nu- 
clear diameters,  reveals  that  nuclei  with 
diameters  varying  between  20  and  40 
(10.53  jj  to  21.0  u)  were  present  in  both 
the  control  and  the  treated  series,  although 
the  frequency  of  such  nuclei  was  far  higher 
among  the  control  cells.  In  contrast,  nu- 
clei with  diameters  ranging  between  40 
and  83  (21.0  n  and  43.7  jj)  were  far  fewer 
among  the  control  than  among  the  treated 
cells.  This  discrepancy  may  have  been  due 
to  a  swelling  phenomenon  caused  by  the 
irradiation. 

The  third  histogram  (fig.  5)  represents 
a  comparison  between  nuclear  sizes  and 
range  of  DNA  content.  It  is  evident  that 
the  amounts  of  DNA  were  progressively 
larger  in  both  control  and  irradiated  cells, 
within  the  range  of  nuclear  sizes  between 
20  and  48  (10.53  p  and  25.26  p).  The  mean 
total  amounts  of  DNA  were  212.54  ±18.01 
units  in  the  controls  and  190.22  ±14.17 
units  in  the  X-rayed  cells;  the  difference  is 
not  significant.  Nuclei  larger  than  48 
(25.26  jj)  were  rarely  found  among  the 
controls,  whereas  in  the  treated  cells  nu- 
clear sizes  ranged  up  to  83  (43.7  u).  These 
cells  with  larger  nuclei  represented  the 
giants.  The  number  of  such  cells  was  48 
out  of  a  total  of  305  whose  DNA  content 
was  measured,  or  15.73  per  cent;  their 
mean  DNA  content  was  443.02  units. 
Moreover,  there  was  a  much  greater  range 
of  DNA  content  among  nuclei  larger  than 
48  than  among  those  of  smaller  size.  This 
difference  may  possibly  be  due  to  a  slower 
rate  of  synthesis  of  DNA  in  some  of  the 
treated  cells,  an  inference  that  was  sub- 
stantiated by  microscopic  examination  of 
the  giant  cells,  which  showed  considerable 
variation  in  amount  of  absorbing  material 
whereas  the  smaller  nuclei  were  more  or 
less  uniform  as  far  as  staining  intensity 
was  concerned. 

The  mean  amount  of  DNA  present  in 
the  controls  was  212.54  units,  whereas  in 
the  irradiated  cells,  irrespective  of  size,  it 
was  268.05.  The  mean  amount  in  the  giant 
cells,  however,  was  443.02  units.   This  is 


twice  the  value  obtained  for  cells  in  which 
the  nuclear  size  ranged  between  20  and  48 
(10.53  u  and  25.26  |j).  Figure  6,  showing 
a  sharp  rise  in  amount  of  DNA  in  nuclei 
with  diameters  greater  than  48,  serves  to 
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Fig.  5.  Range  of  DNA  values  as  compared 
with  nuclear  diameters.  Note  the  greater  varia- 
tion in  DNA  content  among  the  nuclei  of  larger 
sizes. 


illustrate  this  point.  It  is  still  a  question, 
however,  whether  only  these  cells  are  to  be 
considered  giants  in  the  strict  sense  of  the 
word,  since  it  may  be  possible  that  cells 
of  slightly  smaller  diameter  become  giants 
through   an  increase  in  cytoplasmic  vol- 


DEPARTMENT  OF  GENETICS        453 


ume.  With  respect  to  nongiant  cells  hav- 
ing nuclear  diameters  less  than  48,  it  can 
be  seen  that  there  is  a  peak  at  30  (15.79  u) 
in  the  controls  (fig.  4)  whereas  in  the  ir- 
radiated group  the  main  peak  is  at  40 
(21.05  u)  with  a  slightly  lower  peak  at  42 
(22.10  u). 
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Fig.  6.  Mean  amounts  of  DNA  in  nuclei  of 
various  size  groups.  Each  point  represents  an 
average  of  6  to  40  nuclei  in  the  control  cells  and 
4  to  24  in  X-ray-treated  material. 

The  larger  average  nuclear  size  in  the 
treated  cells  may  have  resulted  from  ir- 
radiation. The  mean  nucleic  acid  content 
of  these  cells,  however,  was  very  much  the 
same  as  that  of  control  cells  of  similar  size 
(fig.  6) .  In  view  of  the  fact  that  there  was 
no  increase  in  amount  of  DNA,  one  is 


tempted  to  assume  some  kind  of  change  in 
the  colloidal  properties  of  the  protoplasm 
in  these  cells,  leading  to  a  swelling  process 
analogous  to  that  caused  by  the  action  of 
trypsin  on  unfixed  cells  (see  Year  Books  49 
to  51). 

The  histogram  of  figure  3  shows  a  peak 
at  140  units  in  both  the  control  and  the  ir- 
radiated material.  The  histogram  is  bell 
shaped  up  to  about  380,  indicating  a  rather 
gradual  increment  of  DNA  in  the  cells, 
whether  treated  or  untreated.  This  ob- 
servation finds  a  parallel  in  the  transmis- 
sion data  for  these  cells,  where  two  distinct 
types  of  extinction  values  become  ap- 
parent :  the  range  of  values  in  one  class  of 
nuclei,  irrespective  of  size,  is  between  0.071 
and  0.150,  with  a  mean  of  0.114;  in  the 
other  class  it  varies  between  0.150  and 
0.223,  with  a  mean  of  0.175.  It  is  evident 
that  the  individual  measurements  repre- 
sent nuclei  in  various  stages  of  the  process 
of  DNA  synthesis. 

As  to  protein  determination,  especially 
of  nuclear  histone,  quantitative  estimation 
was  not  possible,  but  the  visible  appearance 
of  cells  after  application  of  the  alkaline 
fast-green  staining  procedure  revealed  a 
slightly  lower  content  of  histone  in  the 
irradiated  than  in  the  control  group.  Thus 
it  may  be  assumed,  pending  studies  of  the 
actual  quantity  of  histone  or  arginine  in 
these  cells,  that  a  change  in  the  DNA-to- 
protein  ratio  occurs  as  a  consequence  of 
irradiation. 


ENZYMOLOGY 

Margaret  R.  McDonald  and  Astri  I.  Rfssnes 


Deoxyribonuclease    from    Salmon    Testes 

Enzymes  capable  of  depolymerizing  de- 
oxyribonucleic acid  (DNA)  seem  to  fall 
into  two  classes,  distinguishable  by  the 
conditions  necessary  for  the  expression  of 
their  activity  and  by  their  mode  of  action. 
The  predominant  pancreatic  deoxyribonu- 
clease (the  single  one  crystallized  to  date) 
is  active  only  in  the  presence  of  magne- 
sium or  other  divalent  cations;   the  op- 


timum pH  range  for  its  action  is  6  to  7. 
In  other  tissues,  intracellular  deoxyribo- 
nucleases  that  do  not  specifically  require 
divalent  ions  (and  that  in  some  instances 
may  even  be  inhibitory)  usually  pre- 
dominate; their  activity  is  optimal  in  the 
p¥L  range  from  4  to  5.  DNA  digested  with 
crystalline  pancreatic  deoxyribonuclease 
yields  only  polynucleotides  with  5'-mono- 
esterifled  phosphate  end  groups,  whereas 
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DNA  hydrolyzed  with  purified  splenic  de- 
oxyribonuclease,  and  perhaps  others  of  the 
same  type,  yields  polynucleotides  with  3'- 
monoesterified  phosphate  end  groups. 

During  the  past  three  years  much  of  our 
interest  has  been  centered  on  an  enzyme  of 
the  second  type,  from  salmon  testes,  which 
we  have  found  to  be  an  extremely  potent 
source  of  the  intracellular  deoxyribonucle- 
ases.  Procedures  for  extraction  and  partial 
purification  of  the  enzyme  were  outlined 


the  partially  purified  enzyme  have  been 
discussed  previously  (Year  Books  57  and 
58).  Those  that  were  investigated  this  year 
are  described  later  in  the  report. 

Purification.  Unless  otherwise  specified, 
all  operations  are  performed  at  1°  to  3°C, 
and  all  filtrations  are  done  with  suction. 
The  ammonium  sulfate  is  always  added 
slowly  with  adequate  stirring;  foaming 
should  be  avoided.  The  concentration, 
yield,  and  degree  of  purification  attained 


TABLE  11.     Summary  of  Procedure  for  Extracting  and  Purifying  Deoxyribonuclease  from 

Salmon  Testes 


Total 

Total 

Specific 

Step 

Fraction 

Activity,* 
103  units  t 

Protein,* 
mg 

Activity, 

units/mg 

protein 

Yield, 
% 

A 

1.  Acid  extract 

429 1 

21,900 

20 

B 

2.  0.80  saturated  ammonium  sulfate 

484 1 

2,580 

188 

3.  0.65  saturated  ammonium  sulfate 

550 

1,950 

282 

100 

C 

4.  Aqueous  extract  of  0.65  saturated  am- 

monium sulfate  precipitate 

555 

1,240 

447 

101 

5.  0.00-0.70  saturated  ammonium  sulfate 

525 

993 

529 

95 

6.  0.45-0.70  saturated  ammonium  sulfate 

500 

407 

1230 

91 

D 

7.  Dialyzed  solution 

484 

390 

1250 

88 

E 

8.  Supernatant 

473 

351 

1350 

86 

9.  0-17.5  per  cent  ethanol 

465 

195 

2380 

85 

*  Based  on  50  pounds  of  salmon  testes. 

t  These  units  cannot  be  compared  with  those  reported  in  Year  Book  57  because  of  different  con- 
ditions of  assay. 

t  The  value  for  the  total  activity  of  the  0.65  saturated  ammonium  sulfate  precipitate  is  consist- 
ently higher  than  that  of  the  0.8  saturated  one,  which  in  turn  has  higher  activity  than  the  acid 
extract.  A  possible  explanation  may  be  that  an  inhibitor,  present  in  the  initial  extract,  is  lost  upon 
fractionation. 


in  Year  Books  57  and  58.  They  result  in  a 
fraction  that  contains  approximately  90  per 
cent  of  the  activity  originally  present  in 
the  testes  and  0.2  per  cent  of  the  protein 
found  in  aqueous  extracts  of  the  tissue. 
Some  modifications  of  these  methods 
have  been  introduced  this  year,  and  two 
steps  have  been  added.  They  increase 
the  specific  activity  (activity  per  milli- 
gram of  protein)  of  the  partially  purified 
enzyme  by  a  factor  of  2  to  3,  giving  a 
final  enrichment  of  approximately  2500- 
fold.  Rather  than  itemize  the  changes,  we 
consider  it  simpler  and  more  useful  to 
describe  the  procedures  completely  in  their 
present  form.   Some  of  the  properties  of 


at  each  step  of  the  deoxyribonuclease  prep- 
aration are  summarized  in  table  11. 

Step  A:  Extraction.  Fifty  pounds  of 
frozen  ripe  salmon  testes  (obtainable  from 
the  New  England  Fish  Co.,  New  York, 
N.  Y.)  are  thawed  for  18  hours.  They  are 
then,  if  necessary,  freed  of  blood  vessels, 
connective  tissue,  and  other  extraneous 
matter,  and  minced  in  an  electric  meat 
grinder.  The  mince  is  suspended  in  50 
liters  of  0.05  N  sulfuric  acid  and  left,  with 
stirring  at  half-hour  intervals,  for  6  to  8 
hours.  The  suspension  is  then  filtered 
overnight  by  gravity  through  large  fluted 
papers  (Whatman  no.  12,  50  cm) . 

Step  B :  Concentration.  The  filtrate  (ap- 
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proximately  54  liters,  pH  4.0)  is  brought  to 
0.8  saturation  of  ammonium  sulfate  by 
the  addition  of  561  grams  of  salt  per  liter. 
A  very  slight  precipitate  forms.  This  is 
collected  by  filtration  through  soft  paper 
(Eaton-Dikeman  no.  612),  with  the  aid  of 
0.5  gram  of  Standard  Super-Cel  per  liter 
of  suspension,  on  at  least  two  24-cm  Bikh- 
ner  funnels.  The  filtrate  is  discarded.  The 
filter  cake  is  suspended  in  1000  ml  of  dis- 
tilled water,  stirred  for  1  hour,  and  re- 
filtered  through  soft  paper.  This  process 
is  repeated  twice,  first  with  300  ml  and 
then  with  200  ml  of  water.  The  residue  is 
discarded;  the  extracts  are  combined  and 
brought  to  0.65  saturation  of  ammonium 
sulfate  by  the  addition  of  430  grams  of  salt 
per  liter.  The  resulting  suspension  is  left 
for  approximately  18  hours,  then  filtered 
through  hardened  paper  (Schleicher  and 
Schuell  no.  576) .  The  filtrate  is  discarded, 
and  the  filter  cake  (about  13  grams,  al- 
though yields  as  low  as  7  and  as  high  as 
34  grams  have  occasionally  been  observed) 
is  stored  until  material  from  a  minimum 
of  250  pounds  of  testes  has  been  collected. 
Step  C:  Fractional  precipitation  with 
ammonium  sulfate.  Unless  otherwise 
noted,  the  following  procedures  are  per- 
formed at  20 °C.  The  combined  0.65  satu- 
rated ammonium  sulfate  filter  cakes  from 
step  B  are  suspended  in  4  times  their 
weight  of  water,  stirred  for  1  hour,  then 
filtered  through  soft  paper  with  the  aid 
of  1  gram  of  Standard  Super-Cel  per  100 
ml  of  suspension.  The  filtrate  is  saved  and 
the  residue  resuspended  in  a  volume  of 
water  equal  to  one-fourth  that  originally 
used.  The  residue  is  discarded.  The  fil- 
trates are  combined  and  brought  to  0.7 
saturation  by  the  addition  of  233  ml  of  a 
saturated  solution  of  ammonium  sulfate 
(approximately  760  grams  of  salt  per  liter 
of  water)  per  100  ml  of  filtrate.  The  re- 
sulting suspension  is  allowed  to  stand  at 
1°  to  3°C  for  18  to  24  hours.  The  precipi- 
tate is  then  collected  by  filtration  through 
hardened  paper,  and  the  filtrate  is  dis- 
carded. The  filter  cake  (usually  about  7 
grams  per  50  pounds  of  testes,  although 


values  as  low  as  3  and  as  high  as  12  have 
occasionally  been  observed)  is  dissolved  in 
5  times  its  weight  of  water,  and  the  solu- 
tion is  brought  to  0.45  saturation  by  the 
addition  of  82  ml  of  saturated  ammonium 
sulfate  per  100  ml  of  water.  The  suspen- 
sion is  left  for  1  to  3  hours,  then  filtered 
through  soft  paper,  and  the  residue  is  dis- 
carded. The  filtrate  is  brought  to  0.7 
saturation  by  the  further  addition  of  83  ml 
of  saturated  ammonium  sulfate  per  100  ml 
of  filtrate.  The  precipitate  is  collected  by 
filtration  through  hardened  paper.  The 
filtrate  is  discarded.  The  filter  cake,  which 
averages  1.7  (0.9  to  3.3)  grams  per  50 
pounds  of  testes  processed,  is  stored  at  1° 
to  3°C  until  material  from  at  least  1000 
pounds  has  been  collected. 

Step  D:  Dialysis.  The  combined  0.45 
to  0.7  saturated  ammonium  sulfate  filter 
cakes  from  step  C  are  dissolved  in  5  times 
their  weight  of  water.  The  solution  is  then 
dialyzed  against  20  liters  of  running  dis- 
tilled water  for  24  hours  at  1°  to  3°C; 
unnecessary  dilution  is  avoided. 

Step  E:  Fractional  precipitation  with 
ethanol.  The  dialyzed  solution  of  deoxy- 
ribonuclease  is  centrifuged  if  turbid,  and 
the  supernatant  is  chilled  at  1°C  in  an 
insulated  ice- water  bath.  It  is  then  brought 
to  a  concentration  of  17.5  per  cent  ethanol 
by  the  very  slow  addition,  with  vigorous 
stirring,  of  20  ml  of  absolute  ethanol.  At 
no  time  should  the  temperature  of  the 
mixture  rise  above  2°C.  The  suspension  is 
left  at  1°C  for  10  minutes,  then  centri- 
fuged for  15  minutes  at  the  same  tempera- 
ture. The  supernatant  is  discarded;  the 
precipitate  is  dissolved  in  a  small  volume 
of  water,  and  the  solution  is  stored  at  ap- 
proximately —  20  °C. 

Properties.  The  partially  purified  de- 
oxyribonuclease  contains  at  least  two  pro- 
teins, as  determined  by  paper  electrophore- 
sis. The  "heme"  pigment,  which  is  con- 
centrated simultaneously  with  the  enzyme 
through  step  C  (Year  Book  57),  becomes 
partially  dissociated  from  it  during  step  E. 
Extension  of  fractional  precipitation  with 
ammonium  sulfate,  or  selective  removal  of 
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TABLE  12.     Heat  Lability  of  Partially  Purified  Deoxyribonuclease  from  Salmon  Testes 
in  the  Presence  of  Various  Concentrations  of  Ammonium  Sulfate 

Experimental  procedure:  Aqueous  solutions  of  fraction  6,  at  pH  5.0,  in  various  concentrations  of 
ammonium  sulfate,  were  kept  for  15  minutes,  either  at  4°  or  at  62°C,  then  for  an  additional  hour 
at  4°C,  and  centrifuged.  The  supernatants  were  analyzed  for  deoxyribonuclease  activity  and  for 
protein. 


Tempera- 
ture, 
°C 

Molar* 
Concentration 
of  Ammonium 

Sulfate 

Activity, 
units/ml 

Protein, 
mg/ml 

Specific 

Activity, 

units/mg 

protein 

Percentage 

of  Original 

Activity 

4 

0 

7130 

5.75 

1240 

100 

4 

0.4 

7000 

5.63 

1243 

98 

4 

0.8 

7210 

5.55 

1299 

101 

4 

1.2 1 

7140 

4.58 

1559 

100 

4 

1.6  f 

6900 

4.40 

1568 

97 

4 

2.0  f 

6510 

4.13 

1576 

91 

62 

0 

7400 

5.65 

1310 

104 

62 

0.4 

7240 

5.35 

1353 

102 

62 

0.8 

7570 

5.03 

1505 

106 

62 

1.2  f 

7550 

4.39 

1720 

106 

62 

1.6 1 

6650 

3.59 

1855 

93 

62 

2.0 1 

6380 

3.35 

1905 

86 

*  Saturated  solution  of  ammonium  sulfate: 
t  Solutions  turbid  before  heating. 


:4.0M. 


contaminating  proteins  by  means  of  heat 
denaturation,  has  not  proved  satisfactory 
for  further  purification  of  the  enzyme 
(Year  Book  58),  nor  has  a  combination  of 
these  two  procedures  (table  12),  or  further 
fractionation  with  ethanol  (table  13). 
Some  indications  of  separation  by  chroma- 


tography on  carboxymethyl  and  on  diethyl- 
aminoethyl  cellulose  have  been  observed, 
but  the  best  conditions  for  adsorption 
and,  more  particularly,  for  elution  are  still 
being  ascertained.  The  purified  enzyme 
has  negligible  proteolytic  activity,  but  con- 
siderable   ability    to    degrade    ribonucleic 


TABLE  13.     Refractionation  of  Partially  Purified  Deoxyribonuclease  from  Salmon 

Testes  with  Ethanol 

Experimental  procedure:  Fraction  9  was  dissolved  in  water  to  a  concentration  of  approximately 
20  mg/ml.  The  proteins  were  then  precipitated  stepwise  by  the  addition  of  appropriate  amounts 
of  absolute  ethanol  at  1°C,  each  fraction  being  separated  by  centrifugation  at  the  same  temperature. 


Total 

Total 

Specific 

Activity, 

units/mg 

protein 

Percentage 

Fraction 

Activity, 
103  units 

Protein, 
mg 

of  Original 
Activity 

Fraction  9 

2420 

1100 

2200 

100 

0-10%  ethanol 

254 

96 

2646 

10.5 

10-12%  ethanol 

592 

179 

3307 

24.5 

12-14%  ethanol 

323 

109 

2963 

13.4 

14-16%  ethanol 

547 

172 

3180 

22.6 

16-18%  ethanol 

303 

126 

2405 

12.5 

18-20%  ethanol 

79 

73 

1082 

3.3 

20-22%  ethanol 

31 

44 

704 

1.3 

22-24%  ethanol 

36 

62 

581 

1.5 

24-26%  ethanol 

11 

46 

240 

0.5 

DEPARTMENT  OF  GENETICS        457 


acid.  Procedures  designed  to  remove  the 
ribonuclease  activity  are  now  being  de- 
veloped. 

The  optimum  pH  for  degradation  of 
DNA  by  partially  purified  salmon-testis 
deoxyribonuclease,  under  the  experimental 
conditions  employed  so  far,  is  5.0  (Year 
Book  58).  A  slight  shift  in  this  pH  has 
been  noted  upon  further  purification  of 
the  enzyme  (fig.  7).  Whether  the  opti- 
mum changes  with  altered  experimental 
conditions  has  not  yet  been  determined. 


4.2 


4.6 


5.0 


5.4 


PH 


Fig.  7.  Effect  of  pH  on  rate  of  depolymeriza- 
tion  of  deoxyribonucleic  acid  by  deoxyribonu- 
clease from  salmon  testes.  Open  and  solid  circles 
show  data  obtained  with  fractions  1  and  9,  re- 
spectively. Note  shift  in  pH  optimum  with 
purification  of  the  enzyme. 

The  optimum  temperature  for  enzymic 
activity  is  a  somewhat  indefinite  point, 
depending  on  the  balance  between  the  ac- 
celerating effect  of  temperature  upon  the 
reaction  catalyzed  by  the  enzyme  and  the 
rate  of  denaturation  of  the  enzyme.  Since, 
in  general,  the  temperature  coefficient  for 
inactivation  of  the  enzyme  is  greater  than 
that  for  its  activity,  the  longer  the  time  in- 
terval involved,  the  lower  the  optimum 
temperature  is  found  to  be.  The  data  of 
figures  8  and  9  and  of  table  14  show  that 
the  "optimum"  temperature  for  the  ac- 
tivity   of   salmon-testis   deoxyribonuclease 


V 


10  15 

Minutes 


20 


Fig.  8.  Effect  of  temperature  on  rate  of  de- 
polymerization  of  deoxyribonucleic  acid  by  puri- 
fied deoxyribonuclease  from  salmon  testes. 

is  in  the  vicinity  of  55  °C.  The  tempera- 
ture coefficient  for  the  rate  of  degradation 
of  DNA  by  the  enzyme  decreases  with 
increasing  temperature  from  1°  to  46° C, 
but  increases  markedly  from  46°  to  55°C. 
Similar  results  have  been  obtained  with 
the  deoxyribonuclease  from  onion  root  tips. 


Fig.  9.  Arrhenius  plot  of  the  effects  of  tem- 
perature on  the  deoxyribonucleic  acid-deoxyribo- 
nuclease  system.  Note  sharp  break  in  curve  be- 
tween 46°C  (1/T  =  0.00314)  and  55°C  (1/T  = 
0.00305). 
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Ionic   strength 

Fig.  10.  Effect  of  electrolytes  on  the  rate  of  depolymerization  of  deoxyribonucleic  acid  by  puri- 
fied deoxyribonuclease  from  salmon  testes.  The  ionic  strengths  indicated  are  those  present  in  the 
reaction  mixture  in  addition  to  that  contributed  by  the  0.002  M  acetate  buffer  which  was  always 
present. 
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This  sudden  transition  in  the  activation 
energy  may  reflect  a  shift  in  the  configura- 
tion of  either  the  enzyme  or  the  substrate 
molecules,  or  both. 

As  is  illustrated  in  figure  10,  the  activity 
of  deoxyribonuclease  from  salmon  testes  is 
markedly  dependent  on  both  the  kind  and 
the  concentration  of  electrolytes  in  the  di- 
gestion mixture.  It  increases  with  increas- 
ing concentration  of  salt  until  optimum 
conditions  are  reached,  and  then  decreases. 
The  optimal  concentration  varies  with  the 
electrolytes  employed.  When  the  salts  are 
compared  at  equivalent  ionic  strengths, 
sulfate  ions  are  approximately  three  times 
as  effective  as  chloride  ones.  No  significant 
differences  were  observed  between  the 
monovalent  cations  sodium  and  potassium, 
on  the  one  hand,  or  between  the  divalent 
cations  calcium  and  magnesium,  on  the 
other;  but  the  divalent  appear  to  be  about 
nine  times  as  potent  as  the  monovalent. 
The  optimum  concentrations  for  the  salts 
studied  to  date  range  from  0.045  M  for 

TABLE  14.  Effect  of  Temperature  on  the  Ac- 
tivity of  Deoxyribonuclease  from  Salmon 
Testes 


TABLE  15.  Effect  of  Increasing  Concentrations 
of  Sodium  Acetate  Buffer,  pH  5.0,  on  the 
Activity  of  Deoxyribonuclease  from  Salmon 
Testes 


Temperature, 

Rate  of  Degradation, 

°C 

103  units/mg  protein/min 

1 

170 

9 

514 

17 

1,630 

25 

3,560 

37 

8,960 

46 

14,300 

55 

98,000 

65 

55,000  * 

75 

18,000  * 

Temperature, 

Temperature 

Range,  °C 

Coefficient  f 

5-15 

3.86 

15-25 

2.60 

25-35 

2.27 

35-45 

1.70 

45-55 

7.15 

Concentration  of  Buffer 

in  Digestion  Mixture, 

10~3M 


Activity 
Units 


1 

2 

3 

4 

6 

8 

10 
25 
50 
75 
100 
300* 


0.9 
1.1 
1.2 
1.5 
1.8 
2.1 
2.5 
3.7 
4.6 
5.0 
5.2 
5.8 


*  Each  of  these  values  is  an  approximation, 
since  the  rate  of  degradation  could  be  measured 
only  for  the  first  few  minutes  of  the  reaction. 

t  Values  estimated  from  data  above. 


*  Higher  concentrations  cannot  be  used  be- 
cause they  interfere  with  the  assay  procedure. 

sodium  or  potassium  chloride  to  0.0005  M 
for  magnesium  or  calcium  sulfate.  With 
sodium  acetate  buffer,  pH.  5.0,  however, 
no  optimum  has  been  observed;  the  ac- 
tivity of  the  enzyme  continues  to  increase 
with  increasing  salt  concentrations  up  to 
0.3  M,  the  highest  concentration  that,  for 
technical  reasons,  could  be  investigated 
(table  15). 

Trypsinogen,  Trypsin,  and  Inert  Protein 
Interrelations 

It  is  well  known  that  the  environment 
in  which  an  enzymatic  reaction  takes  place 
has  a  marked  effect  on  the  rate  of  the  re- 
action (cf.  preceding  section).  Perhaps 
less  well  known,  and  certainly  less  thor- 
oughly investigated,  is  the  fact  that  the 
products  of  the  reaction  may  also  be 
markedly  changed  by  environmental  fac- 
tors. One  of  the  most  striking  examples 
of  such  change  is  the  action  of  trypsin  on 
its  precursor,  trypsinogen.  Two  reactions 
are  known,  which  may  be  represented 
schematically  as  follows : 

trypsin 

trypsinogen  >  trypsin 

trypsin 

trypsinogen  >  inert  protein 
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Both  reactions  are  unimolecular,  and  they 
occur  simultaneously.  The  rates  of  each, 
and  the  amounts  of  the  two  products 
formed,  are  determined  by  the  pH  of  the 
reaction  mixture  and  the  nature  of  the 
electrolytes  (both  anions  and  cations)  pres- 
ent in  it.  For  example,  the  initial  rates  of 
formation  of  both  trypsin  and  inert  pro- 


version  to  inert  protein  may  be  obtained, 
depending  on  the  nature  and  concentra- 
tion of  the  salts  present  in  the  reaction 
mixture.  Data  illustrating  the  effects  of 
three  cations  of  physiological  significance 
are  shown  in  figure  11.  It  is  evident  that 
in  the  presence  of  0.1  M  calcium  ions  all 
the  trypsinogen  is  changed  into  trypsin, 


• — •   Inert  protein 
o o   Trypsin 


o      - 


Sodium 

o 


Potassium 

— o o 


300 


Hours 


Fig.  11.  Effect  of  electrolytes  on  the  autocata lytic  conversion  of  trypsinogen  into  trypsin  and 
inert  protein.  Calcium:  0.1  M  calcium  chloride  in  0.1  M  sodium  borate  buffer,  pH  8.  Sodium:  0.1 
M  sodium  dihydrogen  phosphate  plus  0.1  M  disodium  hydrogen  phosphate.  Potassium:  0.1  M 
potassium  dihydrogen  phosphate  plus  0.1  M  dipotassium  hydrogen  phosphate.  Final  pH  of  all  reac- 
tion mixtures,  7.2.  Circles  indicate  experimental  points;  curves  are  theoretical,  drawn  from  calcula- 
tions based  on  the  assumptions  that  both  reactions  are  unimolecular  and  catalyzed  by  trypsin,  and 
that  the  rate  of  formation  of  each  of  the  products  is  proportional  to  the  concentration  of  trypsin 
and  trypsinogen  present  at  any  time. 


tein  increase  with  increasing  pH  (be- 
tween 4  and  9);  but,  since  the  rate  of 
formation  of  inert  protein  increases  more 
rapidly  than  that  of  trypsin,  the  percent- 
age of  trypsinogen  changed  into  trypsin 
decreases  while  the  yield  of  inert  protein 
increases. 

At  neutral  /?H  values,  all  intermediate 
stages  between  complete  conversion  of 
trypsinogen  to  trypsin  and  complete  con- 


no  inert  protein  being  formed.  In  0.1  M 
sodium  phosphate  buffer,  pH  7.2,  37  per 
cent  of  the  trypsinogen  is  converted  into 
trypsin  and  63  per  cent  into  inert  protein, 
whereas  in  0.1  M  potassium  phosphate  of 
the  same  pH  only  6  per  cent  is  converted 
into  trypsin  and  94  per  cent  into  inert 
protein. 

The  chemical  changes  accompanying  the 
formation   of  trypsin   have  been   studied 
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extensively  in  other  laboratories.  The  pri- 
mary event  appears  to  be  the  splitting  of 
a  strategically  located  lysyl-isoleucine  bond, 
giving  rise  to  the  liberation  of  a  hexa- 
peptide,  valyl-(aspartyl)44ysine.  Whether 
this  is  the  only  bond  hydrolyzed  during 
the  activation  is  not  known.  Neither  is 
the  structural  feature  that  differentiates 
the  lysyl-isoleucine  bond  from  the  other 
peptide  bonds  in  the  trypsinogen  molecule, 
which,  in  accordance  with  the  known  spec- 
ificity of  action  of  trypsin  and  the  num- 
ber of  arginyl  (2)   and  lysyl  (14)  bonds 


available,  could  be  hydrolyzed.  No  in- 
formation is  available  about  the  chemical 
changes  occurring  during  the  formation 
of  inert  protein  from  trypsinogen  or  about 
the  underlying  mechanisms  of  the  effects 
of  electrolytes  upon  either  conversion.  Pre- 
liminary experiments  that  we  have  made 
suggest  that  these  effects  are  on  the  pre- 
cursor, trypsinogen,  rather  than  on  the 
catalyst,  trypsin.  Clarification  of  all  these 
problems  awaits  the  isolation  and  charac- 
terization of  the  inert  protein,  a  task  we 
have  now  undertaken. 


CHROMOSOME  CONSTITUTIONS  OF  MEXICAN  AND  GUATEMALAN 

RACES  OF  MAIZE 

Barbara  McClintoc\ 


During  the  past  year  attention  was  de- 
voted mainly  to  study  of  the  chromosome 
constitutions  of  plants  of  various  races  of 
maize  grown  in  Mexico,  Central  America, 
and  the  Antilles.  The  purpose  of  the 
investigation  was  to  determine  whether 
differences  in  chromosome  constitution 
among  plants  of  a  race  and  among  plants 
of  different  races  would  reveal  something 
about  the  origin  of  races  and  the  degrees 
of  their  genetic  relationship.  Evidence  that 
such  information  might  be  useful  for  this 
purpose  had  been  derived  from  a  pre- 
liminary study  conducted  with  some  of 
the  well  defined  races  of  maize  of  Vene- 
zuela, Ecuador,  Bolivia,  and  Chile,  re- 
ported in  Year  Book  58.  The  investigation 
to  be  reported  here  was  undertaken  at  the 
invitation  of  the  Rockefeller  Foundation 
and  in  collaboration  with  Dr.  E.  J.  Well- 
hausen,  who  is  in  charge  of  the  maize 
program  within  the  Foundation. 

Dr.  Wellhausen  and  his  collaborators 
had  made  an  intensive  study  of  maize 
grown  in  Mexico  and  Central  America. 
The  types  grown  within  this  large  area 
are  exceedingly  diverse  with  respect  to 
morphological  and  physiological  charac- 
ters expressed  in  different  parts  of  the 
plant  and  in  the  ear  and  kernel.  Through 
a  comparative  study  of  these  many  types, 
Dr.  Wellhausen's  group  devised  a  system 


of  classification  that  considered  the  prob- 
able genetic  relationships.  A  number  of 
classes  were  proposed,  each  incorporating 
a  distinctive  set  of  plant  and  ear  characters. 
Many  of  the  maize  types  could  be  placed 
in  one  or  another  of  these  classes,  either 
fitting  closely  into  the  scheme  of  a  class  or 
conforming  to  it  in  many  though  not  all 
characters.  Each  such  idealized  class  was 
given  the  status  of  a  "race"  of  maize,  and 
an  identifying  name.  The  maize  that  cor- 
responded most  closely  to  the  scheme  of  a 
class  was  considered  the  purest  example 
of  the  racial  type. 

Some  of  the  races  so  classified  are  re- 
stricted in  distribution,  each  being  en- 
countered only  in  a  specific  locality.  Others 
are  grown  over  a  wide  territory.  Within 
one  region,  several  different  races  may  be 
grown  in  close  proximity.  By  careful  selec- 
tion of  seed,  these  several  races  may  be 
maintained  year  after  year,  even  in  the 
same  field,  without  suffering  marked  al- 
teration of  type  as  a  consequence  of  hy- 
bridization. It  is  also  apparent  that  races 
extensively  grown  in  one  locality  have 
been  introduced  into  new  localities,  often 
distantly  removed,  where  their  racial  char- 
acters have  either  been  maintained  by  care- 
ful seed  selection  or  been  altered  by  hy- 
bridization with  maize  of  other  types 
grown  in  the  new  localities. 
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It  seemed  evident  that  some  of  the  pres- 
ent-day races  of  maize  must  owe  their 
origin  to  just  such  hybridization,  some 
probably  occurring  centuries  ago  and  some 
in  more  recent  times.  It  was  thought  that 
analysis  of  chromosome  constitutions  in 
plants  of  such  races,  and  in  the  suspected 
parents,  might  confirm  their  hybrid  ori- 
gins. The  past  year's  study  yielded  some 
very  good  evidence  in  support  of  these 
conjectures;  examples  will  be  considered 
later. 

The  plants  whose  chromosomes  were  to 
be  examined  came  from  kernels  produced 
by  plants  belonging  to  different  races.  The 
seed  representing  each  race  was  obtained 
from  a  locality  where  the  plants  exhibit 
the  combination  of  characters  considered 
most  representative  of  the  race,  as  defined 
above.  The  selections  were  as  follows:  25 
races  from  Mexico;  17  from  Guatemala;  1 
each  from  Honduras,  Nicaragua,  and 
Costa  Rica ;  6  from  Cuba ;  and  1  each  from 
Haiti,  Martinique,  and  Trinidad.  The 
names  and  geographical  sources  of  the 
Mexican  and  Central  American  races  are 
given  in  table  16. 

All  the  selected  races  were  grown  in  the 
summer  of  1959  at  the  agricultural  experi- 
ment station  at  Chapingo,  Mexico,  oper- 
ated by  the  Rockefeller  Foundation.  As 
material  for  examination  of  chromosomes 
at  the  meiotic  prophase,  young  tassels  were 
removed  from  six  plants  grown  from  seed 
of  each  selection.  These  were  placed  in 
an  alcohol-acetic  acid  fixative,  which  was 
replaced  with  70  per  cent  alcohol  after  48 
hours;  they  were  then  stored  in  a  deep- 
freeze unit  until  needed  for  chromosome 
examination.  Temporary  smear  prepara- 
tions of  microsporocytes  at  pachytene, 
diplotene,  and  diakinesis  stages,  stained 
with  propiocarmine,  were  examined.  Per- 
manent preparations  were  not  made.  It 
was  impossible  for  one  investigator  to 
attend  to  them  within  the  period  of  time 
allotted  to  the  survey;  and,  as  there  was 
no  advance  assurance  that  the  study  would 
reveal  anything  of  importance,  technical 
assistance  was  not  obtained.    Experience 


showed,  however,  that  it  is  advisable  to 
have  permanent  preparations.  It  would 
have  been  instructive  to  make  direct  com- 
parisons of  the  chromosome  constitutions 
of  certain  plants  that  were  examined  at 
very  different  times. 

The  main  object  in  examining  the 
chromosomes  was  to  determine  the  pres- 
ence or  absence  of  knobs  at  the  knob-form- 
ing regions  in  each  of  the  10  chromosomes 
that  compose  the  haploid  set  in  maize. 
(Knobs  are  deep-staining,  heterochromatic 
components  of  the  chromosomes.)  If  a 
knob  was  found  at  any  one  of  these  loca- 
tions, it  was  then  necessary  to  determine  its 
size,  shape,  and  stainability,  and  also  to 
find  out  whether  both  homologues  carried 
a  knob  at  that  location.  If  they  did,  the 
next  step  was  to  discover  whether  the  two 
knobs  were  alike,  or  in  what  ways  they 
differed.  If  B-type  chromosomes  were 
present,  the  number  was  ascertained.  Note 
was  taken  also  of  any  conspicuous  altera- 
tion in  chromosome  organization,  such  as 
a  rearrangement  of  easily  recognizable 
type,  an  enlarged  chromomere  at  a  par- 
ticular location,  or  other  unusual  modifica- 
tion. 

In  many  plants,  the  study  was  compli- 
cated by  the  presence  of  a  large  number 
of  knobs,  all  or  most  of  which  were  fused 
with  one  another  in  many  cells  at  the 
pachytene  stage.  It  was  often  necessary  to 
examine  hundreds  of  cells  before  finding 
one  in  which  the  type  of  knob  present  at  a 
particular  location  could  be  identified.  In 
the  strain  from  Trinidad,  fusion  of  knobs 
was  so  extensive  and  persistent  that  no  ac- 
curate determination  of  the  type  of  knob 
at  each  knob-forming  region  could  be 
made  in  any  of  its  plants.  In  a  few  other 
strains,  similar  difficulty  was  occasionally 
encountered,  but  only  in  some  plants  and 
with  regard  to  certain  knobs.  In  chromo- 
somes of  most  plants,  it  was  possible  to 
learn  what  type  of  knob  had  been  pro- 
duced by  each  knob-forming  region.  Knob 
size  and  shape  were  recorded  from  cells 
in  the  late  pachytene  stage,  but  it  was 
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TABLE  16.     The  Races  of  Maize  Whose  Chromosomes  Were  Examined,  and  the  Place 

Where  Each  Was  Collected 


Name  of  Race 


Where  Collected 


A.  Mexico: 

Arrocillo  Amarillo 

Bolita 

Cacahuacintle 

Celaya 

Chalqueno 

Chapalote 

Comiteco 

Conico 

Conico  Norteno 

Harinoso  de  Ocho 

Jala 

Maiz  Duke 

Nal-Tel 

Olotillo 

Oloton 

Oloton 

Palomero  Toluqueno 

Pepitilla 

Reventador 

Tabloncillo 

Tehua 

Tuxpeno 

Vandeno 

Zapalote  Chico 

Zapalote  Grande 

B.  Guatemala: 

Comiteco 

Dzit-Bacal 

Imbricado 

Imbricado 

Nal-Tel  Armarillo,  Tierra  Baja 

Nal-Tel  Blanco,  Tierra  Alta 

Nal-Tel  Blanco,  Tierra  Baja 

Nal-Tel  de  Ocho 

Nal-Tel  de  Ocho 

Oloton 

Quicheno  Precoz 

Quicheno  Tardio 

Salpor 

San  Marceno 

Serrano 

Tepecintle 

Tuxpeno 

C.  Honduras,  Nicaragua,  and  Costa  Rica: 

Salvadoreno  de  Costa  Rica 
Salvadoreno  de  Honduras 
Salvadoreno  de  Nicaragua 


Zaragoya,  Puebla 

Etla,  Oaxaca 

Toluca,  Mexico 

Irapuato,  Guanajuato 

Chalco,  Mexico 

El  Fuerte,  Sinaloa 

Comitan,  Chiapas 

Toluca,  Mexico 

El  Sotelo,  Guanajuato 

El  Fuerte,  Sinaloa 

Jala,  Nayarit 

El  Sotelo,  Guanajuato 

Merida,  Yucatan 

Tuxtla  Gutierrez,  Chiapas 

Las  Casas,  Chiapas 

Ojo  de  Agua,  Chiapas 

near  Toluca,  Mexico 

near  Iguala,  Guerrero 

Ejido  de  Tuxpan,  Nayarit 

near  Tequila,  Jalisco 

near  Comitan,  Chiapas 

Gutierrez  Zamora,  Veracruz 

Escintla,  Chiapas 

Tehuantepec,  Oaxaca 

Colonia  Lazaros  Cardenes,  Chiapas 


San  Raymundo,  Guatemala 

San  Antonio  Monjas,  Jalapa 

Tecpan  G.,  Chimaltenango 

Tecpan  G.,  Chimaltenango  (another  collection) 

Ipala,  Chiquimula 

Chequiral,  Quetzeltenango 

Ladrillo  Barrio,  Baja  Verapaz 

Comalapa,  Chimaltenango 

Santiago  Buena  Vista,  San  Marcos 

San  Martin,  Quetzeltenango 

Uspantan,  El  Quiche 

Canton  Sasiguan,  Solola 

Cheluj,  Quetzeltenango 

Concepcion,  Huehuetenango 

San  Sebastian,  Huehuetenango 

Panzos,  Alta  Verapaz 

Sayaxche,  Peten 


Santa  Cruz,  Guanacaste,  Costa  Rica 
Nueva  Ocotepeque,  Honduras 
Juicalpa,  Nicaragua 
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necessary  to  observe  the  early  diplotene 
stage  also  in  order  to  discover  whether  a 
particular  knob  was  present  in  only  one 
homologue  or  in  both.  It  is  not  always 
possible  to  make  such  a  determination  at 
the  late  pachytene  stage. 

A  truly  objective  method  of  determining 
knob  size  and  shape  is  not  possible.  The 
size  and  shape  of  a  knob  at  late  pachytene 
depend  on  several  factors.  The  first  of 
these  is  the  capacity  of  a  knob-forming 
region  to  produce  a  knob  of  a  particular 
size  and  shape,  but  secondary  factors  may 
modify  the  expression  of  this  capacity.  In 
some  plants,  the  chromosomes  at  late 
pachytene  are  very  long,  and  each  of  the 
knobs  is  extended,  often  being  long  and 
relatively  slender.  In  other  plants,  the  late 
pachytene  chromosomes  are  much  shorter, 
and  the  knobs  are  correspondingly  con- 
densed and  widened.  Growing  conditions 
may  afTect  the  composition  of  the  chromo- 
somes, and  this  influence  also  is  reflected 
in  length  of  chromosome,  size  of  chromo- 
meres,  and  size  of  knobs.  When  plants  are 
growing  poorly,  the  chromosomes,  includ- 
ing the  knobs,  are  sometimes  thin  and 
may  stain  weakly.  Despite  such  factors 
that  alter  the  form  of  knobs,  extensive  ex- 
perience in  observing  chromosomes  and 
their  knobs  at  pachytene  and  later  meiotic 
stages  makes  it  possible  to  judge  conditions 
in  a  particular  plant  and  their  effect  in 
modifying  knob  appearance. 

To  minimize  bias  in  determining  knob 
constitution  in  plants  of  the  same  selection, 
the  six  plants  from  each  selection  were 
not  examined  in  sequence.  Results  being 
obtained  with  material  from  one  plant 
were  not  compared  with  the  records  for 
sister  plants  until  after  the  analysis  of  the 
plant's  knob  constitution  had  been  com- 
pleted. Although  the  method  of  estimat- 
ing knob  type  was  purely  subjective,  a 
considerable  degree  of  consistency  was  evi- 
dently obtained.  This  fact  was  not  fully 
appreciated  until  all  the  data  had  been  col- 
lected and  the  geographical  distribution  of 
each  knob  type  plotted  on  maps.  It  was 
then  apparent  that  there  must  have  been  a 


large  measure  of  consistency  in  the  evalua- 
tions. Otherwise,  a  number  of  previously 
unsuspected  correlations  between  a  re- 
corded knob  type  and  its  geographical  dis- 
tribution would  not  have  appeared  on  the 
maps. 

The  chromosomes  of  maize  growing  in 
different  parts  of  the  world  have  been 
examined  by  many  investigators.  Their 
findings  have  demonstrated  a  marked  de- 
gree of  conservatism  in  the  linear  organiza- 
tion of  the  chromosomes.  There  is  no 
evidence  of  perpetuation  of  a  reciprocal 
translocation.  Perpetuation  of  readily  de- 
tectable inversions  also  must  be  rare.  Only 
one  such  inversion  is  known  to  have  per- 
sisted. The  inverted  segment  is  composed 
of  the  distal  two-thirds  of  the  short  arm 
of  chromosome  8.  This  inversion  is  readily 
detected  in  plants  that  are  heterozygous 
for  it.  Such  plants  were  found  in  four 
of  the  races  examined  this  past  season. 
Notably,  all  these  races  came  from  central 
Mexico.  It  had  previously  been  observed 
in  plants  of  one  particular  race  now  grow- 
ing in  Bolivia.  Since  the  inverted  segment 
was  the  same  in  all  plants,  it  may  be 
suspected  that  this  one  race  in  Bolivia  re- 
ceived a  chromosome  8  from  maize  intro- 
duced from  central  Mexico.  Other  knobs 
present  in  chromosomes  of  this  race  also 
support  the  supposition. 

One  other  type  of  chromosomal  modi- 
fication was  found  to  be  widely  distributed. 
It  is  carried  by  chromosome  10  and  in  the 
past  has  been  designated  "abnormal 
chromosome  10."  "Abnormal  chromosome 
10"  is  readily  identifiable  because  it  has  an 
extensively  modified  segment  at  the  distal 
end  of  its  long  arm.  This  segment  greatly 
increases  the  length  of  the  arm,  and  close 
to  its  distal  end  there  is  a  very  large  knob. 
"Abnormal  chromosome  10"  appears  in 
maize  plants  grown  in  the  southwest  part 
of  the  United  States,  in  various  localities 
in  Mexico,  and  in  Central  America,  and 
was  found  in  some  plants  of  a  Cuban  race. 
It  had  been  encountered  in  Ecuador  and 
Peru,  but  only  in  plants  from  several 
isolated  localities.    Its  very  wide  distribu- 
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tion  in  North  America  and  its  apparently 
limited  distribution  in  western  South 
America  suggest  that  it  may  have  been 
introduced  into  South  America  in  recent 
times. 

The  components  of  organization  of  the 
maize  chromosomes  that  do  show  marked 
grades  of  difference  in  different  plants  of  a 
race  or  in  plants  of  different  races  are  the 
knobs,  the  nucleolus  organizer,  and  some 
chromomeres  whose  locations  are  quite 
specific.  The  nucleolus  organizer  and 
these  chromomeres  may  be  much  enlarged 
in  plants  of  some  races.  The  different  types 
of  expression  shown  by  any  of  these  com- 
ponents of  the  chromosome  complement 
are  genetically  controlled;  each  type  is 
heritable.  Thus,  they  are  useful  in  tracing 
relationships  between  plants  of  different 
races  growing  either  in  the  same  region  or 
in  widely  separated  regions.  In  the  present 
study,  attention  was  concentrated  on  the 
knobs  and  on  one  particular  chromomere. 
Differences  in  appearance  of  other  specific 
chromomeres  were  very  effective  for  the 
purpose  of  this  study,  but  the  fact  was  not 
fully  appreciated  until  after  many  plants 
had  been  examined.  Therefore  the  notes 
on  these  other  chromomeres  are  incom- 
plete. The  same  is  true  of  differences  in 
appearance  of  the  nucleolus  organizer, 
whose  size  may  range  from  very  small 
in  plants  of  some  races  to  extremely  large 
in  those  of  other  races. 

Knobs  are  produced  by  knob-forming 
regions  at  particular  locations  in  each  of 
the  10  chromosomes  of  maize.  The  regions 
are  short,  and  they  are  compound  in  the 
sense  that  each  component  of  a  knob- 
forming  region  acts  independently  in  pro- 
ducing knob  substance.  Differences  in 
knob-forming  capacity  of  components 
within  a  region  are  responsible  not  only 
for  the  length  of  a  knob  but  also  for  dif- 
ferences in  width  along  its  length.  The 
combined  result  is  a  knob  having  a  par- 
ticular size  and  shape.  With  regard  to 
length  alone,  very  great  differences  may  be 
expressed  in  one  knob-forming  region.  As 


an  illustration  we  may  take  the  knob- 
forming  region  at  the  end  of  the  short 
arm  of  chromosome  9.  Its  capacity  to  pro- 
duce knob  substance  ranges  from  ap- 
parently none  through  an  ascending  series 
that  results  in  the  production  of  a  tiny 
knob,  a  small  knob,  a  medium-sized  knob, 
a  large  knob,  or  a  very  large  knob.  A  very 
large  knob  may  extend  from  the  end  of 
the  short  arm  approximately  one-third  the 
length  of  the  arm  as  measured  at  the 
pachytene  stage.  Such  a  knob,  since  it  is 
not  only  long  but  also  very  wide,  is  truly 
tremendous. 

Although  there  are  these  large  differ- 
ences in  knob-producing  capacity  at  a  par- 
ticular location,  any  one  expression  of 
capacity  is  constant,  in  that  it  continues 
to  produce  the  same  type  of  knob  genera- 
tion after  generation.  This  being  so,  a 
question  arises  as  to  the  origin  of  the  very 
different  kinds  of  expression.  Because  of 
the  types  of  knobs  observed,  and  their  in- 
dividual distributions  in  the  examined 
races  in  both  North  and  South  America, 
I  am  led  to  consider  the  possibility  that 
cultivated  maize  may  have  had  several 
independent  origins,  from  plants  whose 
knob-forming  regions  had  distinctly  dif- 
ferent capacities  for  producing  knob  sub- 
stance. One  cultivated  type  may  have 
originated  from  plants  in  which  all  the 
knob-forming  regions  had  such  limited 
capacities  that  the  derived  maize  had  no 
detectable  knobs  or  only  a  small  knob  in 
one  or  several  of  the  knob-forming  regions. 
Another  type  may  have  originated  from 
plants  whose  knob-forming  regions  were 
less  limited  in  capacity,  so  that  the  chromo- 
somes of  the  cultivated  plants  had  either 
small  or  medium-sized  knobs.  Still  an- 
other may  have  originated  from  plants 
whose  knob-forming  regions  were  able  to 
produce  large  amounts  of  knob  substance; 
in  this  cultivated  type  large  knobs  would 
be  present.  On  this  basis  it  may  be  rea- 
soned that  much  of  the  maize  now  being 
cultivated  in  western  Mexico,  the  west 
coastal  regions  of  Central  America,   and 
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northern  Venezuela  was  derived  from 
original  types  in  which  most  of  the  knob- 
forming  regions  had  well  developed  ca- 
pacities for  producing  knob  substance;  and 
that  the  maize  now  being  grown  in  west 
central  Guatemala,  on  the  contrary,  was  de- 
rived from  an  original  type  whose  knob- 
forming  regions  were  very  limited  in  ca- 
pacity. If  the  study  of  knobs  in  present- 
day  maize  were  extended,  it  might  be 
possible  to  infer  the  nature  of  the  knob 
complexes  in  several  other  early  types  of 
cultivated  maize. 

The  origin  of  cultivated  maize  is  a 
mystery.  No  form  of  wild  maize  is  known 
from  which  cultivated  maize  could  have 
arisen  directly;  and  none  of  the  theories 
proposed  to  account  for  the  origin  of 
cultivated  maize  has  received  general  ac- 
ceptance. Therefore,  the  hypothesis  out- 
lined above  regarding  possible  independ- 
ent origins  of  cultivated  maize  cannot 
be  supported  directly,  even  though  much 
evidence  to  suggest  it  has  developed  from 
the  study  of  knob  constitutions  in  pres- 
ent-day maize.  The  types  of  knob  com- 
plexes in  different  strains  of  the  two  closely 
related  wild  genera  Euchlaena  and  Tripsa- 
cum  should  be  explored  thoroughly  in 
order  to  determine  whether  or  not  they 
reflect  differences  in  capacity  of  the  knob- 
forming  regions  comparable  to  those  dis- 
cussed above,  and,  if  so,  whether  or  not  the 
different  complexes  are  geographically 
localized.  If  this  should  prove  to  be  true, 
it  would  support  the  above-proposed 
theory,  not  necessarily  in  its  present  form 
but  in  some  form  that  might  aid  in  in- 
terpreting the  origin  of  cultivated  maize 
and  in  elucidating  the  derivation  of  the 
different  knob  complexes  so  clearly  de- 
picted in  present-day  maize.  Since  the 
over-all  organization  of  the  chromosomes 
is  much  alike  in  Euchlaena  and  maize,  and 
since  the  two  genera  may  be  crossed  read- 
ily, interchange  of  segments  of  chromo- 
somes, including  knob-forming  regions, 
undoubtedly  has  occurred  between  them. 
Therefore,  the  knob  constitutions  of 
Euchlaena  and  maize  growing  in  the  same 


region  should  be  compared,  in  a  search 
for  some  evidence  of  the  part  Euchlaena 
may  have  played  in  introducing  compo- 
nents of  particular  knob  complexes  into 
maize. 

The  constancy  of  the  knob-forming  ca- 
pacities of  particular  knob-forming  regions 
was  spectacularly  revealed  in  the  prelimi- 
nary study  of  races  of  maize  of  western 
South  America.  In  races  from  the  high 
Andean  valleys  of  Ecuador,  Bolivia,  and 
Chile,  previously  under  the  control  of  the 
Inca  Empire,  one  particular  knob  complex 
was  present  in  plants  of  nearly  all  races 
examined.  In  the  examined  races  from  the 
high  Andean  valleys  of  Venezuela,  beyond 
the  control  of  the  Inca  Empire,  a  very  dif- 
ferent complex  of  knobs  was  present.  It  is 
well  known  that  in  the  past  each  Indian 
tribe  carefully  preserved  its  own  types  of 
maize;  and  this  may  account  for  the  ex- 
tension of  one  particular  complex  of  knobs, 
the  Inca-Andean  complex,  throughout 
such  a  vast  territory.  Within  this  territory, 
however,  a  few  exceptional  races  were 
found  whose  chromosomes  had  types  of 
knobs  other  than  those  belonging  to  the 
Inca-Andean  complex.  Investigators  had 
concluded,  on  the  basis  of  morphological 
characters,  that  the  exceptional  races  con- 
tained foreign  germplasm,  and  that  in  two 
of  them  it  had  probably  been  introduced 
from  Mexico.  The  types  of  knobs  in  plants 
of  these  two  races  support  their  deduction. 
On  the  basis  of  evidence  from  the  recent 
study  with  Mexican  and  Central  Ameri- 
can maize,  it  is  suspected  that  in  one  of  the 
two  races,  Pisinkalla  of  Bolivia,  the  foreign 
germplasm  was  derived  from  maize  of 
central  Mexico,  although  this  germplasm 
is  now  much  diluted  with  that  of  indige- 
nous Inca-Andean  maize.  The  types  of 
knobs  found  in  the  other  race,  Conguil 
of  Ecuador,  suggest  that  its  foreign  germ- 
plasm may  have  been  derived  from  maize 
introduced  from  the  southern  part  of  the 
state  of  Chiapas,  Mexico,  although  here, 
too,  dilution  with  Inca-Andean  germplasm 
is  evident. 

The  study  of  knob  constitutions  in  the 
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lowlands  of  these  same  South  American 
countries  revealed  that  Inca-Andean  maize 
had  also  contributed  to  the  development 
of  new  races  in  those  regions.  Along  the 
eastern  as  well  as  the  western  slopes  of  the 
Andes  there  is  evidence  of  extensive  mix- 
ing of  the  Inca-Andean  germplasm  with 
that  of  indigenous  or  introduced  maize 
of  the  lower  lands.  In  some  of  the  low- 
land areas,  such  as  in  northern  Bolivia,  the 
Inca-Andean  germplasm  predominates, 
whereas  in  the  southeastern  lowlands  of 
Bolivia  the  Inca-Andean  germplasm  is 
much  diluted  by  that  from  other  sources, 
one  of  which  appears  to  be  the  same 
that  contributed  to  maize  now  being 
grown  in  the  Antilles.  In  the  northwest 
coastal  region  and  adjacent  inland  valleys 
of  Ecuador,  the  Inca-Andean  germplasm 
has  become  mixed  with  germplasm  that 
seems  to  be  the  same  as  that  of  maize  now 
growing  in  parts  of  Central  America.  Far- 
ther south,  germplasm  from  other  sources 
has  been  mixed  with  that  of  Inca-Andean 
origin.  In  Chile,  some  of  the  germplasm 
apparently  stems  from  Central  America 
and  Mexico,  but  a  still  unknown  source 
also  has  contributed  to  the  mixed  germ- 
plasms  of  the  races  growing  in  the  western 
and  coastal  parts  of  Chile. 

It  is  now  quite  evident  that  a  knowledge 
of  knob  constitutions  can  reveal  how  for- 
eign maize  introduced  into  a  given  ter- 
ritory has  contributed  to  the  origin  of 
new  races,  and  sometimes  it  is  also  pos- 
sible to  infer  the  source  of  the  introduced 
maize.  The  regions  where  foreign  germ- 
plasm has  been  extensively  introduced  are 
those  in  which  the  human  population  and 
culture  are  mixed,  and  probably  in  these 
regions  many  introductions  have  occurred 
in  recent  times.  Thus,  migration  of  plants 
with  particular  germplasms  along  certain 
pathways,  and  hybridization  between 
them  in  regions  of  contact,  as  well  as  for- 
eign introductions  and  subsequent  hybridi- 
zations with  indigenous  maize,  must  have 
contributed  to  the  origin  and  spread  of 
many  present-day  races  of  maize. 


The  method  of  sampling  in  the  earlier 
study  of  South  American  maize  was  quite 
different  from  that  employed  in  the  recent 
study.  In  the  earlier  work,  the  examined 
plants  of  any  particular  race  were  derived 
not  from  one  locality  but  from  several  dif- 
ferent localities  in  a  country  where  the 
race  was  grown.  Thus  there  was  a  wider 
sampling  of  plants  within  any  given  area. 
In  my  opinion  this  method  should  be 
followed  in  the  future,  for  it  is  more 
effective  in  revealing  the  migration  of  a 
particular  knob  (and  the  chromosome  seg- 
ment carrying  it)  throughout  a  region, 
and  its  penetration  into  different  races 
growing  in  the  region.  By  this  method  it 
was  learned  that  some  segments  of  chromo- 
some pass  through  racial  boundaries  and 
filter  along  certain  paths.  Knowledge  of 
such  migration  and  filtration  is  important 
for  an  appreciation  of  the  genetic  contri- 
bution of  particular  segments  of  chromo- 
some to  the  characters  shown  by  races 
within  a  region.  The  method  also  revealed 
the  extensive  migration  of  the  B-type 
chromosome  throughout  a  certain  area, 
passing  through  racial  "boundaries"  as  if 
no  such  boundaries  existed.  Since  the 
B-type  chromosome  does  not  alter  genetic 
expression  of  racial  characters,  it  is  easy 
to  imagine  how  it  might  infiltrate  all  races 
within  a  territory.  There  would  be  no 
selection  against  it  by  the  methods  em- 
ployed to  preserve  a  racial  type,  that  is,  to 
preserve  intact  a  given  set  of  characters 
considered  desirable  by  the  grower. 

In  the  Central  Mesa  of  Mexico,  which 
has  a  long  cultural  history,  maize  with 
several  distinctive  knob  complexes  must 
have  been  introduced  early,  for  compo- 
nents of  each  of  them  are  distributed 
among  plants  of  different  races  now  grow- 
ing throughout  a  wide  area  in  central 
Mexico.  It  appears  that  early  hybridization 
between  plants  having  these  distinctly  dif- 
ferent original  knob  complexes  contributed 
to  the  origin  of  some  of  the  races  that  have 
been  established  in  this  region  for  many 
centuries.     Archaeological    evidence    and 
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tradition  attest  to  the  antiquity  of  such 
races.  One  of  the  knob  complexes  of  this 
area  seems  to  have  been  derived  from  an 
original  type  of  maize  in  which  knobs 
were  absent;  it  may  be  designated  the 
"no-knob"  complex.  The  present-day  race, 
Cacahuacintle,  may  have  much  of  that 
original  germplasm.  Plants  of  this  race 
which  were  examined  had  very  few  knobs, 
and  when  a  knob  was  present  it  was 
usually  heterozygous;  that  is,  there  was  a 
knob  in  one  chromosome  but  none  at  the 
same  location  in  the  homologue. 

The  production  of  relatively  large  knobs 
at  most  of  the  knob-forming  chromosomal 
regions  characterized  another  original 
knob  complex  entering  into  maize  of  this 
area.  Plants  with  this  complex  also  con- 
tributed to  the  origin  of  races  of  maize 
now  growing  in  the  west  central  and 
northwest  parts  of  Mexico.  A  third  com- 
plex resembled  that  now  predominating 
in  a  restricted  area  of  the  central  highlands 
of  Guatemala.  It  was  characterized  by 
the  production  of  relatively  small  knobs 
at  many  of  its  knob-forming  regions  and 
no  knobs  at  others.  It  may  be  designated 
the  "small-knob"  complex.  In  none  of  the 
examined  races  of  central  Mexico  does  this 
small-knob  complex  predominate,  but 
components  of  it  are  distributed  among 
many  of  them.  The  same  statement  ap- 
plies to  what  may  be  the  remnants  of  a 
complex  composed  of  extremely  large 
knobs.  Exceedingly  large  knobs  produced 
at  each  of  three  different  knob-forming 
regions  were  occasionally  encountered  in 
plants  grown  in  this  area. 

It  appears,  then,  that  maize  having 
distinctly  different  knob  complexes  en- 
tered into  the  formation  of  present-day 
races  of  the  Central  Mesa  of  Mexico.  The 
contribution  of  each  complex  to  the  origin 
of  the  different  races  cannot  be  stated  pre- 
cisely, as  the  sampling  in  the  area  has  been 
much  too  restricted.  In  the  sample  of  the 
Palomero  Toluquefio  race,  however,  com- 
ponents of  the  large-knob  complex  pre- 
dominated, although  the  germplasm  that 


contributed  them  was  somewhat  diluted 
by  others  carrying  the  no-knob  complex, 
the  small-knob  complex,  and  the  very- 
large-knob  complex.  Plants  of  the  race 
Cacahuacintle,  growing  in  the  same  re- 
gion, had  very  few  knobs,  as  was  men- 
tioned earlier.  These  two  races  are  con- 
sidered by  Wellhausen  and  his  collabora- 
tors to  be  rather  direct  descendants  of  two 
ancient  races.  They  conjecture  that  the 
two  original  races  gave  rise,  by  hybridiza- 
tion, to  some  of  the  most  productive  maize 
that  has  been  grown  in  the  Central  Mesa 
for  many  centuries.  The  knob  constitution 
of  one  such  conjectural  hybrid,  the  present- 
day  race  Conico,  conforms  with  this  as- 
sumption. Its  plants  have  some  of  the 
large  knobs  that  are  present  in  Palomero 
Toluquefio,  but  their  germplasm  is  much 
diluted  by  that  of  the  no-knob  complex. 
In  fact,  components  of  all  the  above-de- 
scribed knob  complexes  were  found  to  be 
present  to  various  degrees  in  plants  of 
each  of  the  five  examined  races  of  maize 
of  the  Central  Mesa. 

Only  one  sample  of  maize  now  growing 
on  the  east  central  coast  of  Mexico  was 
examined,  of  the  race  Tuxpeno.  Therefore 
no  conclusions  can  be  drawn  about  the 
different  types  of  germplasm  that  may  be 
present  in  this  general  area.  Nevertheless, 
it  was  clear  from  the  knob  constitutions  of 
these  plants  that  they  had  some  germplasm 
that  was  either  absent  or  not  very  prevalent 
in  the  examined  plants  of  central  Mexico 
but  was  found  to  be  extensively  distributed 
throughout  Cuba.  Judged  by  knob  consti- 
tutions, the  maize  of  Cuba  gives  little  evi- 
dence of  close  affinity  with  that  of  either 
central  or  western  Mexico.  On  the  basis 
of  morphological  characters  alone,  it  is  as- 
sumed to  have  germplasm  in  common 
with  maize  of  the  east  coast  of  South 
America.  The  knob  constitutions  of  that 
maize  have  not  been  examined;  but,  on 
the  assumption  that  Cuban  maize  con- 
tains much  germplasm  derived  from  east- 
ern South  America,  it  may  be  conjectured 
that  plants  of  the  race  Tuxpeno,  growing 
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in  the  state  of  Veracruz,  also  have  some 
of  that  germplasm. 

The  three  examined  races  of  maize 
grown  in  the  Bajio,  north  of  the  Central 
Mesa  of  Mexico — Conico  Norteno,  Maiz 
Dulce,  and  Celaya — appear  to  share  germ- 
plasm  with  races  that  grow  to  the  west  and 
north  of  that  region.  In  general,  knob 
constitutions  in  plants  of  these  races  are 
much  like  those  of  the  races  Chapalote  and 
Harinoso  de  Ocho  from  the  state  of 
Sinaloa,  the  race  Reventador  from  the 
state  of  Nayarit,  and  the  race  Tabloncillo 
from  the  state  of  Jalisco,  although  some 
minor  differences  characterize  the  knob 
constitutions  in  the  different  races.  Rela- 
tively large  knobs,  of  similar  type  at  any 
one  region,  are  produced  by  many  of  the 
knob-forming  regions  in  plants  of  these 
races;  and,  for  the  most  part,  the  expres- 
sions of  homologous  knob-forming  regions 
are  alike.  This  relationship  is  in  contrast 
to  the  high  degree  of  heterozygosity  of 
knob  expression  seen  in  the  races  grown 
in  the  Central  Mesa.  Nevertheless,  neither 
in  the  races  of  the  Bajio  nor  in  those  of  the 
northwest  and  west  central  coast  was 
any  plant  found  that  showed  complete 
homozygosity  of  knob  formation.  Some 
dilution  of  the  predominant  knob  com- 
plex was  observed  in  each  plant.  A  small 
amount  of  dilution  by  the  small-knob  com- 
plex and  the  no-knob  complex  was  evi- 
dent in  plants  of  the  Bajio,  and  a  small 
amount  of  dilution  by  the  no-knob  com- 
plex, or  by  one  having  very  few  knobs, 
was  apparent  in  plants  of  the  northwest 
and  of  the  west  central  coastal  region. 

In  the  state  of  Nayarit  one  race,  Jala, 
whose  distribution  is  restricted  almost  ex- 
clusively to  the  small  Jala  valley,  is  con- 
sidered by  Wellhausen  and  his  collabora- 
tors to  have  originated  through  hybridiza- 
tion between  maize  introduced  into  this 
valley  and  maize  that  was  being  grown 
there.  The  foreign  maize  is  assumed  to 
have  come  from  the  southern  part  of  the 
state  of  Chiapas,  Mexico,  or  from  an  adja- 
cent region  in  Guatemala.    Some  of  the 


knobs  in  plants  from  western  Mexico  and 
from  southern  Chiapas  are  alike,  and  many 
of  the  knobs  in  the  Jala  plants  are  of  the 
type  commonly  found  in  samples  from 
both  regions.  In  the  Jala  plants,  however, 
there  is  one  particular  knob  of  a  very 
distinctive  type,  which  was  otherwise  en- 
countered only  in  plants  from  southern 
Mexico,  southwest  Guatemala,  Honduras, 
Nicaragua,  and  Costa  Rica,  where  this 
type  of  knob  is  the  one  commonly  ex- 
pressed by  the  particular  knob-forming 
region.  The  presence  of  this  knob  in  a 
place  so  distantly  removed  from  the  area 
where  it  regularly  appears  supports  the 
above-stated  assumption  about  the  origin 
of  the  race  Jala. 

Of  all  the  areas  examined  in  the  recent 
study,  southern  Mexico  and  Guatemala 
proved  the  most  interesting.  This  was 
so  partly  because  of  the  more  extensive 
sampling  in  that  region,  which  made  it 
possible  to  follow  more  closely  the  migra- 
tion of  components  of  different  knob 
complexes.  At  least  four  recognizably  dif- 
ferent knob  complexes  have  contributed 
to  the  races  of  maize  now  growing  there. 
One  of  them  is  characterized  by  the  pro- 
duction of  very  large  knobs  at  many  of 
the  knob-forming  regions.  It  is  the  pre- 
dominant complex  in  maize  growing 
along  the  southwest  coast,  from  the 
state  of  Oaxaca  in  Mexico  to  Costa  Rica, 
the  southernmost  region  from  which  a 
sample  was  examined.  The  northward 
flow  of  components  of  this  complex  into 
maize  of  the  southern  highlands  of  Guate- 
mala could  be  traced,  as  well  as  the  gradual 
dilution  of  the  complex  by  components 
of  the  other  knob  complexes  that  pre- 
dominate in  the  interior  of  Guatemala. 
Two  distinctly  different  complexes  pre- 
dominate in  the  interior.  One  appears  to 
be  the  Inca-Andean  complex.  No  plants 
were  found  that  had  only  this  complex, 
but  its  components  are  most  highly  con- 
centrated in  maize  of  the  west  central 
highlands.  Components  appear  also  in 
maize  grown  to  the  east  of  this  region  and 
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in  maize  grown  to  the  north,  in  the  con- 
tiguous state  of  Chiapas,  Mexico;  but  in 
both  these  areas  the  complex  is  very  much 
diluted,  and  other  complexes  predominate. 
The  predominant  knob  complex  in  maize 
of  the  central  highlands  of  Guatemala  is 
one  in  which  only  a  small  or  medium- 
sized  knob  is  produced  at  many  of  the 
knob-forming  regions.  Components  of 
this  complex  have  migrated  into  maize  of 
adjacent  regions,  and  also  into  the  one 
race  from  Honduras  that  was  examined. 
As  might  be  expected,  components  were 
found  in  maize  of  southern  Chiapas.  In 
all  these  contiguous  areas,  however,  the 
complex  was  much  diluted.  As  was  men- 
tioned earlier,  components  of  this  com- 
plex were  also  found  in  central  Mexico. 

One  race  growing  in  Guatemala,  Imbri- 
cado,  has  a  very  limited  distribution.  It 
is  considered  to  be  related  to  the  race 
Palomero  Toluqueno  of  the  Central  Mesa 
of  Mexico,  discussed  earlier,  and  the  knob 
constitutions  of  its  plants  support  this  as- 
sumption. Two  very  distinctive  knobs 
were  found  that  otherwise  were  encoun- 
tered only  in  plants  from  central  Mexico, 
one  of  them  only  in  the  race  Palomero 
Toluqueno  and  other  races  growing  in 
proximity  to  it.  The  evidence  suggests 
that  this  race  may  well  have  arisen  by 
hybridization  of  indigenous  maize  with 
maize  introduced  into  Guatemala  from 
the  Central  Mesa  of  Mexico. 

Only  one  sampling  of  maize  from  the 
northeastern  lowlands  of  Guatemala  was 
examined,  of  the  race  Tuxpeno.  The  knob 
constitutions  of  plants  of  this  selection 
were  similar  to  those  of  Tuxpeno  plants 
from  Veracruz,  Mexico,  discussed  earlier. 

Knob  constitutions  were  examined  in 
six  selections  of  the  race  Nal-Tel,  five 
of  them  native  to  Guatemala  and  one 
native  to  the  coastal  region  of  Yucatan, 
Mexico.  The  characters  displayed  by  plants 
of  this  race  are  considered  by  Wellhausen 
and  his  collaborators  to  be  primitive. 
Plants  of  all  six  selections  exhibited  these 
assumedly   primitive    characters,   but   the 


individual  selections  differed  in  some  other 
respects.  Examination  of  chromosomes 
from  these  different  selections  yielded  no 
clear  evidence  of  the  presence  of  one  par- 
ticular type  of  knob  constitution  that 
might  be  considered  characteristic  of  the 
race  as  a  whole.  Instead,  the  constitutions 
in  five  of  the  six  selections  reflected  the 
predominant  knob  complexes  found  in 
plants  of  other  races  growing  in  the  same 
general  region.  The  sixth  selection,  that 
from  Merida,  Yucatan,  was  so  far  re- 
moved geographically  from  other  maize 
examined  that  no  conclusions  could  be 
drawn  about  the  relation  of  its  knob  con- 
stitution to  those  of  other  races  growing 
in  the  same  vicinity.  Although  consistency 
in  type  of  knob  constitution  was  expressed 
among  the  plants  of  each  selection  of  the 
Nal-Tel  race,  very  great  differences  were 
observed  among  the  different  selections. 
Clearly,  the  predominant  characters  that 
have  caused  these  plants  to  be  assigned  to 
the  same  race  need  to  be  explored  by 
genetic  techniques.  Racial  classification  of 
plants  growing  in  widely  different  regions, 
based  on  similarity  of  morphological  char- 
acters and  presupposing  a  high  degree  of 
similarity  in  genetic  constitution,  is  not 
well  supported  by  cytological  evidence  in 
this  instance,  although  it  is  so  supported 
in  some  of  the  other  cases. 

General  Conclusions 

Examination  of  chromosome  constitu- 
tions in  maize  now  growing  in  Mexico 
and  Guatemala  has  revealed  an  extensive 
mixing  of  different  germplasms  in  many 
regions  of  this  large  area.  The  mixing 
has  resulted  through  the  flow  of  particular 
germplasms  along  certain  paths  and 
through  direct  introductions  of  maize 
having  one  type  of  germplasm  into  locali- 
ties where  other  types  were  predominant. 
Some  of  the  introductions  must  have  oc- 
curred long  ago,  for  components  of  the 
introduced  germplasm  have  been  spread 
over  a  wide  territory.  Others  probably  oc- 
curred in  relatively  recent  times,  because 
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the  influence  of  the  introduced  germplasm 
is  still  confined  to  a  restricted  locality. 

In  the  Central  Mesa  of  Mexico,  as  was 
mentioned  earlier,  three  or  more  original 
types  of  germplasm  are  extensively  mixed. 
In  Guatemala,  not  much  direct  introduc- 
tion of  foreign  maize  seems  to  have  oc- 
curred. An  early  introduction  of  Inca- 
Andean  maize  into  one  part  of  the  western 
highlands  is  suspected,  as  well  as  a  much 
later  one  from  central  Mexico  to  a  locality 
in  the  south.  Most  of  the  mixture  of 
germplasm  in  Guatemala  appears  to  have 
resulted  from  an  inflow  of  germplasms 
from  surrounding  territories.  In  the  high- 
lands, the  flow  seems  to  have  come  from 
adjoining  regions  to  the  south.  The  flow 
of  germplasm  carrying  components  of  the 
small-knob  complex  away  from  Guate- 
mala has  apparently  been  much  more  re- 
stricted. Probably  the  spread  of  this  germ- 
plasm came  about  either  when  maize  carry- 
ing it  was  introduced  directly  into  a 
distant  region  or  when  maize  of  an  adja- 
cent area,  in  which  components  of  the 
germplasm  had  previously  been  incorpo- 
rated, was  taken  to  a  new  locality. 

Flow  of  particular  germplasms  along 
certain  paths  is  well  demonstrated  by  the 
geographic  distributions  of  types  of  knobs 
that  are  distinctive  in  some  way,  either 
because  they  have  very  special  size  and 
shape  or  because  they  are  of  a  type  that  ap- 
pears infrequently  at  a  certain  location  in 
the  chromosome  complement.  Plotting 
the  distribution  of  such  knobs  on  geo- 
graphic maps,  according  to  the  geographic 
locations  of  the  selections,  has  produced 
some  striking  illustrations  of  flow.  In  ad- 
dition, as  was  mentioned  earlier,  these 
distinctive  knobs  have  sometimes  made  it 
possible  to  infer  the  probable  source  of 
maize  that  has  been  introduced  into  a 
different  locality. 

The  distribution  of  the  B-type  chromo- 
some, in  the  areas  examined  in  both  North 
and  South  America,  is  instructive  in  sev- 
eral ways.  This  chromosome  is  widely 
distributed  in  Indian  maize  of  the  central 


and  southwest  United  States,  and  also 
among  Mexican  maize.  It  was  found  to  be 
highly  concentrated  in  some  areas  of  the 
Andes,  and  in  some  lowland  regions  in 
Chile.  It  was  not  found  in  the  examined 
plants  of  the  Antilles  and  was  present  in 
plants  of  only  one  examined  race  of  Guate- 
mala— Tuxperio,  which  is  native  to  the 
northeastern  lowlands.  The  B-type 
chromosome  is  an  accessory  chromosome 
containing  no  genetic  components  that 
alter  in  any  yet  recognizable  way  either  the 
appearance  or  the  physiology  of  a  plant. 
Plants  may  contain  one  or  more  B-type 
chromosomes,  whose  presence  is  revealed 
only  by  cytological  examination.  The 
chromosome  exhibited  the  same,  very  dis- 
tinctive, linear  organization  in  all  plants 
carrying  it,  thus  paralleling  the  pronounced 
constancy  shown  by  the  normal  chromo- 
somes of  the  complement.  Its  wide  distri- 
bution is  remarkable.  As  was  explained 
earlier,  however,  its  flow  throughout  a 
population  of  plants  in  a  given  territory 
could  be  rapid,  and  need  not  be  accompa- 
nied by  a  similar  flow  of  genetic  com- 
ponents from  the  normal  set  of  chromo- 
somes. In  fact,  its  independent  flow  sug- 
gests the  methods  that  must  have  been 
used  in  the  past  to  preserve  intact  the 
characters  of  a  particular  race  within  a 
given  territory  where  many  different  races 
were  grown. 

Before  concluding,  it  may  be  in  order  to 
comment  regarding  the  concept  of  race, 
lest  some  misunderstanding  arise.  The 
term  race  has  been  applied  throughout 
this  report  in  conformity  with  its  usage 
by  Wellhausen  and  others.  It  must  be 
obvious  from  the  preceding  discussions 
that  the  appearance  of  particular  plant, 
ear,  and  kernel  characters  in  specific  com- 
binations in  a  large  number  of  plants 
within  a  given  territory  does  not  carry 
the  implication  of  established  homozygos- 
ity of  the  genetic  components  responsible 
for  these  characters.  In  fact,  some  of  the 
examined  samples,  all  selected  because 
they  most  clearly  expressed  the  combina- 
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tion  of  morphological  characters  chosen  to 
define  the  race,  were  highly  heterozygous. 
Even  within  the  same  race — for  example, 
the  race  Nal-Tel  discussed  earlier — differ- 
ent selections  were  found  to  be  hetero- 
zygous to  various  degrees  and  with  regard 
to  different  chromosomal  components. 
Nevertheless,  it  is  both  useful  and  neces- 
sary to  classify  present-day  maize  into 
distinctive  races,  on  the  basis  of  well  de- 
fined sets  of  morphological  and  physiologi- 
cal characters  kept  together  through  propa- 


gative  methods.  By  means  of  such  classifi- 
cation, it  has  been  possible  to  apprehend 
degrees  of  genetic  relationship  among 
plants  of  different  types  growing  either  in 
one  area  or  in  widely  separated  areas.  For 
a  clearer  understanding  of  these  relation- 
ships, a  precise  genetic  and  cytological 
study  of  certain  races  should  be  under- 
taken, to  determine  and  compare  the  types 
of  genetic  components  that  have  con- 
tributed to  the  establishment  and  success 
of  each  race. 
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Induction  of  reversions  in  four  tryD  alleles  by  three  mutagens.  Each  plate  was  spread  with  about 
2xl08  bacteria,  which,  under  the  conditions  of  the  experiment,  multiplied  to  about  2xl09  cells 
during  48  hours  of  incubation  and  then  stopped  dividing.  At  the  time  of  plating,  a  drop  of  a 
solution  of  the  chemical  (a  drop  of  sterile  water  for  control  plates)  was  placed  either  on  a  filter- 
paper  disk  or  in  a  hole  made  in  the  agar  with  a  cork  borer  (the  last  horizontal  set  of  plates). 
Colonies  on  the  control  plates  developed  from  bacteria  in  which  the  tryD  gene  had  undergone 
reverse  mutation,  and  the  number  of  colonies  on  each  plate  indicated  the  frequency  of  spontaneous 
mutation  per  2x  109  cells.  On  the  treated  plates,  colonies  in  excess  of  the  numbers  appearing  on  the 
control  plates  represented  mutations  induced  by  the  treatment.  As  the  figure  shows,  all  three  chemi- 
cals induced  mutations  in  tryD-1;  in  tryD -42,  diethyl  sulfate  and  (3-propiolactone  were  effective  and 
2-aminopurine  was  not;  in  tryD -10,  (3-propiolactone  was  not  effective  whereas  the  other  two  were; 
and  in  tryD-55  none  of  the  compounds  induced  mutations. 
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Electron  micrographs  of  meiotic  cells  of  Tradescantia  paludosa.  A.  Nucleus  at  zygotene 
stages,  showing  the  "attachment  plate"  (a)  as  revealed  by  fixation  with  buffered  osmium 
tetroxide.  B.  Nucleus  at  pachytene  stage,  showing  the  "attachment  plate"  (a)  as  revealed  by 
potassium  permanganate  fixation.  The  arrows  indicate  synaptinemal  complexes  in  the  chromo- 
somes (ch);  the  solid-line  marker  on  each  figure  represents  1  u. 
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Electron  micrographs  of  cells  of  Tradescantia  paludosa.  A.  Zygotene  nucleus,  showing 
whorled  configuration  of  the  chromosomal  fibers  (arrows)  adjacent  to  the  nuclear  membrane. 
B.  Early  leptotene  stage,  showing  intercellular  connection.  C.  Mature  pollen  grain,  showing 
the  vegetative  nucleus  (p),  generative  nucleus  (g),  and  a  large  number  of  cytoplasmic 
organelles.  The  solid-line  marker  on  each  figure  represents  1  [i. 
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June  30,  1959,  pages  1-37.    Carnegie  Insti- 


tution of  Washington,  Washington,  D.  C, 
December  14,  1959.  Excerpts  reprinted 
under  the  title  "The  threat  of  dichotomy  be- 
tween the  scientific  and  nonscientific 
worlds"  in  the  Bulletin  of  the  Association 
Internationale  des  Universites,  volume  8, 
no.  1,  pages  42-44,  February  1960. 

Review  of  Marston  Bates'  "The  Forest  and  the 
Sea:  A  Look  at  the  Economy  of  Nature  and 
the  Ecology  of  Man,"  New  Yor\  Herald 
Tribune,  Book  Review  section,  p.  3,  March 
20,  1960. 

Society  and  scientific  research.  Bulletin  of 
the  Atomic  Scientists,  volume  16,  no.  5, 
pages  146-150,  May  1960. 

Review  of  Cyril  Bibby's  "T.  H.  Huxley,  Scien- 
tist, Humanist  and  Educator,  "  New  Yor\ 
Herald  Tribune,  Book  Review  section,  p.  5, 
June  26,  1960. 

PUBLICATIONS   BY  THE   EXECUTIVE 
OFFICER  OF  THE  INSTITUTION 

Edward  A.  Ackerman 

Weather  modification  and  public  policy.  Pages 
63-71  in  Science  and  Resources:  Prospects 
and  Implications  of  Technological  Advance, 
edited  by  Henry  Jarrett.  Published  for  Re- 
sources of  the  Future,  Inc.,  by  Johns  Hop- 
kins Press,  Baltimore,  Maryland,  xvi  +  250 
pages.    1959. 

The  Impact  of  New  Techniques  on  Integrated 
Multiple-Purpose  Water  Development.  A 
report  to  the  United  States  Senate  Select 
Committee.  Volume  1,  pp.  i-viii,  1-98;  vol- 
ume 2,  Appendices,  pp.  i-viii,  99-201;  mime- 
ographed summary,  pages  1-8.  Washington, 
D.  C.   January  15,  1960. 

The  impact  of  new  techniques  on  integrated 
multiple-purpose  water  development.  In 
Water  Resources  Activities  in  the  United 
States.  Printed  for  the  use  of  the  Select  Com- 
mittee on  National  Water  Resources,  United 
States  Senate,  86th  Congress,  2d  Session 
(Committee  Print  31).  United  States  Gov- 
ernment Printing  Office,  Washington,  D.  C. 
ix  +  97  pages,  15  figures.    1960. 

Water  resource  planning  and  development  in 
agriculture.  Pages  3-14  in  Water  and  Agri- 
culture, edited  by  Roy  D.  Hockensmith.  Pub- 
lication 62  of  the  American  Association  for 
the  Advancement  of  Science,  Washington, 
D.  C.  viii  +  198  pages,  illustrated.  1960. 
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ADMINISTRATIVE     REPORTS 


REPORT  OF  THE  EXECUTIVE  COMMITTEE 
To  the  Trustees  of  the  Carnegie  Institution  of  Washington: 

Gentlemen:  In  accordance  with  the  provisions  of  the  By-Laws,  the  Executive  Committee 
submits  this  report  to  the  annual  meeting  of  the  Board  of  Trustees. 

The  estimate  of  expenditures  for  the  fiscal  year  beginning  July  1,  1960,  has  been 
reviewed  by  the  Executive  Committee. 

One  vacancy  exists  in  the  membership  of  the  Board  of  Trustees,  resulting  from  the  death 
in  October  1959  of  Henning  W.  Prentis,  Jr.  His  death  also  leaves  a  vacancy  in  both  the 
Executive  Committee  and  the  Finance  Committee. 

The  following  Committee  Chairmen  were  appointed: 

Barklie  McKee  Henry,  Chairman,  Executive  Committee 
James  N.  White,  Chairman,  Finance  Committee 
Keith  S.  McHugh,  Chairman,  Auditing  Committee 
Henry  S.  Morgan,  Chairman,  Nominating  Committee 
Omar  N.  Bradley,  Chairman,  Retirement  Committee 

BARKLIE  McKEE  HENRY,  Chairman 
May  13,  1960. 
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ACCOUNTANTS'  REPORT 


Lybrand,  Ross  Bros.  &>  Montgomery 

Certified  Public  Accountants 


To  the  Auditing  Committee  of  Carnegie  Institution  of  Washington: 

We  have  examined  the  statement  of  assets,  liabilities  and  fund  balances 
of  Carnegie  Institution  of  Washington  as  of  June  30,  1960,  and  the  related  sum- 
mary statement  of  changes  in  funds  for  the  year  then  ended  and  the  supporting 
exhibits  and  schedules,  which  have  been  prepared  on  the  general  basis  of  cash 
receipts  and  disbursements  and  accordingly  do  not  reflect  accrued  income, 
accounts  payable  nor  provision  for  depreciation.    Our  examination  was  made 
in  accordance  with  generally  accepted  auditing  standards,  and  accordingly 
included  confirmation  from  the  custodian  of  securities  owned  at  June  30,  1960, 
and  such  tests  of  the  accounting  records  and  such  other  auditing  procedures 
as  we  considered  necessary  in  the  circumstances. 

In  our  opinion,  the  accompanying  financial  statements  and  supporting 
exhibits  and  schedules  present  fairly  the  assets,  liabilities  and  fund  balances 
of  Carnegie  Institution  of  Washington  at  June  30,  1960,  and  the  changes  in 
funds  for  the  year  then  ended  on  a  basis  consistent  with  that  of  the  preceding 
year. 

LYBRAND,  ROSS  BROS.  &  MONTGOMERY 


Baltimore,  Maryland 
August  10,  1960 
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STATEMENT  A 


ASSETS,    LIABILITIES,   AND   FUND  BALANCES 
JUNE  30,  1960  AND  1959 


JUNE  30 


1960 


1959 


ASSETS 

Operating  Funds: 

Cash $584,785.75 

Advances  24,028.43 

Securities  -  Schedule  2  (See  Note)  178,162.63 

Prepaid  insurance  21,191.26 

$808,168.07 

Restricted  Grants: 

Cash  $365,873.87 

Endowment,  General  Reserve,  and  Special  Funds: 

Cash  awaiting  investment $683,340.98 

Advances  -  Building  program 16,463.57 

Securities  -  Schedule  2  (See  Note) 61,111,877.43 

$61,811,681.98 

Buildings,  Land,  and  Equipment  (At  Cost) $5,723,784.11 

Total  Assets $68,709,508.03 

LIABILITIES  AND  FUNDS 

Operating  Funds: 

Income  taxes,  etc.,  withheld  $4,105.84 

Operating  Funds  Balance  -  Exhibit  1  804,062.23 

$808,168.07 

Restricted  Grants  -  Exhibit  2   365,873.87 

Endowment,  General  Reserve,  and  Special  Funds  -  Exhibit  3 61,811,681.98 

Buildings,  Land,  and  Equipment  Fund  -  Exhibit  4  5,723,784.11 

Total  Liabilities  and  Funds  $68,709,508.03 


$524,829.53 

16,445.38 

242,227.56 

20,537.16 

$804,039.63 


$434,484.99 

$94,211.64 

56,901,953.48 
$56,996,165.12 

$5,604,473.74 

$63,839,163.48 


$5,195.88 
798,843.75 

$804,039.63 

434,484.99 

56,996,165.12 

5,604,473.74 

$63,839,163.48 


Note:  Approximate  market  value  of  all  securities  at  June  30,  1960  -  $85,052,238 
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STATEMENT  B 


SUMMARY  STATEMENT  OF  CHANGES  IN  FUNDS 
FOR  THE  YEAR  ENDED  JUNE  30,  1960 


Balance  July  1,  1959 


Operating 

Funds 
(Exhibit  1) 


Restricted 

Grants 
(Exhibit  2) 


Endowment, 

General  Reserve, 

and  Special  Funds 

(Exhibit  3) 


Buildings, 
Land,  and 
Equipment 
(Exhibit  4) 


$798,843.75        $434,484.99         $56,996,165.12         $5,604,473.74 


Total 
$63,833,967.60 


Additions: 

Investment  income 

Restricted  grants  

Dormitory 

Sales  of  publications  

Other  income,  gifts  and 

bequests  

Realized  capital  gain  (net). 
Expenditures  capitalized: 

Current  year  

Prior  years 

By  transfer: 

Budget  appropriation  - 
July  1,  1959  to  June 
30,  1960 

Other  


$9,064.18 

8,305.91 
9,150.47 

9,602.35 
13,821.08 


2,462,931.00 
1,500.00 


$187,885.00 


$2,818,507.62 


453,500.99 
4,156,446.14 


(2,462,931.00) 
(1,500.00) 


$106,958.06 
17,432.43 


$2,827,571.80 

187,885.00 

8,305.91 

9,150.47 

463,103.34 
4,170,267.22 

106,958.06 
17,432.43 


$2,514,374.99        $187,885.00  $4,964,023.75  $124,390.49  $7,790,674.23 


Deductions: 

Expenditures  $2,509,156.51        $256,496.12  $148,506.89 

Disposition  of  equipment 


$2,509,156.51        $256,496.12  $148,506.89 


$2,914,159.52 

$5,080.12  5,080.12 


$5,080.12  $2,919,239.64 


Net  change  during  the  year  ...  $5,218.48        ($68,611.12)         $4,815,516.86  $119,310.37  $4,871,434.59 


Balance  June  30,  1960 . 


$804,062.23        $365,873.87         $61,811,681.98         $5,723,784.11        $68,705,402.19 
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EXHIBIT  1  CHANGES   IN   OPERATING   FUNDS   FOR 

THE   YEAR   ENDED  JUNE  30,  1960 

Balance  July  1,  1959 $798,843.75 

Additions  -  Statement  B: 

Investment  income $9,064.18 

Dormitory 8,305.91 

Sales  of  publications  9,150.47 

Other  income 9,602.35 

Realized  capital  gains,  net  13,821.08 

Transfers: 

General  Reserve  Fund  -  Budget  Appropriations  July  1,  1959 

to  June  30,  1960  2,462,931.00 

Special  Purpose  Fund 1,500.00                         2,514,374.99 


Total  available  for  expenditure  $3,313,218.74 

Expenditures: 

Salaries $1,354,159.92 

Equipment 89,804.76 

Laboratory 190,439.68 

Buildings  -  fuel,  lights,  etc 96,376.81 

Shop  9,947.85 

Travel 41,475.36 

Dormitory 5,472.54 

Operating 134,424.35 

Financial  Administration  -  investment  and  custody  fees     71,583.35 

Insurance  Premiums 22,129.46 

General  Publications  23,456.58 

Other  publication  expense  18,750.50 

Fellowships 122,408.19 

Retirement  Plan  Contributions 211,993.44 

Pensions,  group  insurance  premiums,  and  social  security  taxes 90,525.46 

Hospitalization  Plan 26,208.26 

Total  expenditures 2,509,156.51 


Balance  June  30,  1960  $804,062.23 
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EXHIBIT  2 


CHANGES   IN   RESTRICTED  GRANTS   FOR 
THE   YEAR   ENDED  JUNE  30,  1960 


Expenditures 


Balance 
July  1,  1959 

Departmental  Research  Operations: 

Department  of  Genetics: 

American  Cancer  Society  E-55 $3,510.88 

American  Cancer  Society  E-10 941.66 

U.S. Public  Health  Service  RG  149C  ...  3,363.85 

U.S. Public  Health  Service  2158C 3,710.80 

National  Science  Foundation  GF  5750 

National  Science  Foundation  EF  8879 

Department  of  Terrestrial  Magnetism: 

National  Science  Foundation  Y/3. 16/ 169  7,105.59 

National  Science  Foundation  Y/2.34/291  9,978.83 

National  Science  Foundation  5410 180,204.91 

National  Science  Foundation  Y/23. 1/321  108,366.33 

National  Science  Foundation  7326 9,569.00 

National  Science  Foundation  9770 

Department  of  Embryology: 

American  Cancer  Society  PF  40 

Mount  Wilson  Observatory: 

Anonymous 5,000.00 

Publications: 

Blake,  Marion  E 3,300.00 

Guggenheim  Memorial  Fund  2,000.00 

Research  Projects,  Fellowships,  etc.: 

Carnegie  Corporation  of  New  York: 
Biology: 

Yerkes  Laboratories  of  Primate 

Biology 

Natural  Sciences: 

Fellowships 93,000.00 

Terrestrial  Magnetism: 

Telescope  Image  Converter 4,433.14 

Total $434,484.99 


Grants 
Received 


Salary 


10,000.00 
50,000.00 


Other 


$7,010.00        $5,566.36  $2,397.78 

6,000.00           5,916.64  25.02 

11,375.00         10,975.00  384.26 

20,000.00         16,176.17  3,290.17 

500.00         28.09 

500.00         400.00 

2,505.47 

450.00  2,103.19 

10,050.00  102,156.50 

47,125.78 

9,166.07 

80,000.00         14,071.32 

500.00         408.30 

2,000.00         

3,300.00 

2,000.00 


Balance 
June  30,  1960 


$2,556.74 

1,000.00 

3,379.59 

4,244.46 

471.91 

100.00 

4,600.12 

7,425.64 

67,998.41 

61,240.55 

402.93 

65,928.68 

91.70 

7,000.00 


10,000.00         

8,000.00        135,000.00 
4,433.14 


$187,885.00      $49,134.17      $207,361.95      $365,873.87 
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SCHEDULE  OF  SECURITIES 

Approximate 

Principal  Market 

Amount                                                       Description                                                  Maturity  Book  Value  Value 

United  States  Government  Bonds 

$78,000  United  States  of  America,  Ctf.  of  Ind.  4|s 8-15-60  $77,975.63  $78,244 

255,000  United  States  of  America,  Treasury  Notes  3fs 1964  250,955.56  253,088 

403,000  United  States  of  America,  Treasury  Notes  4|s 1963  402,285.28  414,586 

450,000  United  States  of  America,  Treasury  Notes  5s 1964  450,000.00  467,438 

1,105,000  United  States  of  America,  Treasury  2is 1959-62  1,105,000.00  1,078,756 

45,000  United  States  of  America,  Treasury  2|s 1961  44,286.28  44,466 

1,089,000  United  States  of  America,  Treasury  2|s 6-15-64/69  916,481.25  959,681 

67,000  United  States  of  America,  Treasury  2is 12-15-64/69  56,740.63  58,709 

1,000,000  United  States  of  America,  Treasury  2|s 1961  994,156.25  994,375 

$4,492,000               Total  United  States  Government $4,297,880.88      $4,349,343 

Foreign  and  International  Bank  Bonds 

$250,000  Aluminum  Co.  of  Canada,  Ltd.,  S.  F.  Deb.  3*s  1970  $252,007.61  $238,750 

500,000  Aluminum  Co.  of  Canada,  Ltd.,  S.  F.  Deb.  4£s  1980  509,718.12  495,000 

150,000  Australia  (Commonwealth  of)  4|s 1971  147,750.00  146,250 

144,000  Australia  (Commonwealth  of)  5s  1972  144,000.00  144,000 

250,000  British  Columbia  Power  Commission,  S.  F.  Deb.  Series  "L"  4|s  .  1987  245,000.00  232,500 

125,000  Intl.  Bank  for  Reconstruction  &  Development,  3s  1976  125,000.00  105,000 

125,000  Intl.  Bank  for  Reconstruction  &  Development,  3fs 1975  123,125.00  114,063 

250,000  InU.  Bank  for  Reconstruction  &  Development,  4is 1977  250,000.00  247,500 

150,000  Noranda  Mines  Ltd.,  S.  F.  Deb.  4fs 1968  152,098.55  149,250 

200,000  Shawinigan  Water  &  Power  Co.,  1st  Mtg.  &  Coll.  Tr.  S.  F. 

Series  "M"  3s  1971  203,960.00  168,000 

500,000  Toronto  (Municipality  of  Metropolitan),  S.  F.  Deb.  5s  1979  498,637.50  513,750 

$2,644,000               Total  Foreign  and  International  Bank  $2,651,296.78     $2,554,063 

Public  Utility  Bonds 

$250,000  California  Oregon  Power  Co.,  1st  Mtg.  3is 1986  $252,860.86  $217,500 

125,000  Columbia  Gas  System,  Inc.,  Series  "B"  3s 1975  127,024.67  106,875 

250,000  Columbia  Gas  System,  Inc.,  Series  "F"  3js 1981  245,937.50  220,313 

237,000  Columbus  &  Southern  Ohio  Electric  Co.,  1st  Mtg.  3*s 1970  243,582.14  211,671 

300,000  Commonwealth  Edison  Co.,  1st  Mtg.  Series  "R"  3|s 1986  300,670.86  255,750 

300,000  Consolidated  Edison  Co.  of  N.  Y.,  1st  &  Ref.  Mtg.  Series  "L"  3|s  1986  303,529.87  261,000 

300,000  Consolidated  Edison  Co.  of  N.  Y.,  1st  &  Ref.  Mtg.  Series  "N"  5s  .  1987  302,130.00  313,500 

300,000  Consolidated  Natural  Gas.  Co.,  Deb.  2|s  1968  300,323.74  264,000 

150,000  Consumers  Power  Co.,  1st  Mtg.  4s  1986  151,305.54  136,500 

281,000  Consumers  Power  Co.,  1st  Mtg.  4|s  1987  282,637.04  286,620 

300,000  Florida  Power  Corporation,  1st  Mtg.  3ls  1986  301,964.23  269,250 

500,000  Illinois  Power  Co.,  1st  Mtg.  3|s  1986  497,937.50  440,000 

200,000  Minnesota  Power  &  Light  Co.,  1st  Mtg.  3|s 1975  202,467.15  166,500 

250,000  Niagara  Mohawk  Power  Corp.,  Gen.  Mtg.  3§s 1986  252,950.50  212,813 

400,000  Niagara  Mohawk  Power  Corp.,  Gen.  Mtg.  4|s 1987  403,178.19  413,000 

100,000  Ohio  Power  Co.,  1st  Mtg.  3is 1968  101,500.00  91,000 

200,000  Pacific  Gas  &  Electric  Co.,  1st  &  Ref.  Mtg.  Series  "X"  3|s 1984  201,399.96  151,500 

300,000  Pacific  Gas  &  Electric  Co.,  1st  &  Ref.  Mtg.  Series  "Y"  3|s 1987  306,040.71  248,250 

250,000  Pacific  Gas  &  Electric  Co.,  1st  &  Ref.  Mtg.  Series  "BB"  5s  1989  251,798.82  260,000 

200,000  Panhandle  Eastern  Pipe  Line  Co.,  Serial  Deb.  2|s  1961-62  200,277.37  195,125 

87,000  Panhandle  Eastern  Pipe  Line  Co.,  S.  F.  Deb.  3is 1973  87,806.98  75,038 

207,000  Philadelphia  Electric  Power  Co.,  1st  Mtg.  2fs  Guar 1975  209,594.42  165,083 

50,000  Philadelphia  Electric  Co.,  1st  &  Ref.  Mtg.  2?s  1978  49,687.50  40,250 

500,000  Philadelphia  Electric  Co.,  1st  &  Ref.  Mtg.  4|s 1987  500,000.00  500,625 

250,000  Potomac  Electric  Power  Co.,  Deb.  4§s 1982  255,731.36  238,750 

200,000  Public  Service  Co.  of  Indiana,  1st  Mtg.  Series  "F"  3{s 1975  202,549.13  170,500 

400,000  Public  Service  Co.  of  Indiana,  1st  Mtg.  Series  "L"  4ls 1987  400,000.00  407,500 

500,000  Public  Service  Electric  &  Gas  Co.,  1st  &  Ref.  Mtg.  4ls  1987  504,308.85  506,250 

250,000  Southern  California  Edison  Co.,  1st  &  Ref.  Mtg.  Series  "G"  3fs  ..  1981  247,765.00  220,000 

250,000  Southern  California  Edison  Co.,  1st  &  Ref.  Mtg.  Series  "H"  4*s  ..  1982  251,640.64  235,000 

200,000  Southern  California  Edison  Co.,  1st  &  Ref.  Mtg.  Series  "J"  4*s  ...  1982  201,943.95  202,125 

210,000  Tennessee  Gas  Transmission  Co.,  1st  Mtg.  Pipe  Line  2|s 1966  210,945.00  191,100 
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SCHEDULE  OF  SECURITIES— Continued 


Principal 

Amount  Description                                                Maturity  Book  Value 

Public  Utility  Bonds— Concluded 

$191,000     Tennessee  Gas  Transmission  Co.,  1st  Mtg.  Pipe  Line  3s  1969  $193,474.90 

287,000     Tennessee  Gas  Transmission  Co.,  1st  Mtg.  Pipe  Line  5is  1977  287,000.00 

500,000     Union  Electric  Co.,  1st  Mtg.  3|s  1986  500,098.15 

265,000     United  Gas  Corp.,  1st  Mtg.  &  Coll.  Tr.  2ls  1967  265,000.00 

235,000  Virginia  Electric  &  Power  Co.,  1st  &  Ref.  Mtg.  Series  "M"  4£s  ..  1986  239,090.58 

300,000     Washington  Water  Power  Co.,  1st  Mtg.  4is  1987  300,000.00 

$10,075,000  Total  Public  Utility $10,136,153.11 

Communication  Bonds 

$150,000     American  Telephone  &  Telegraph  Company,  Deb.  2|s  1975  $151,181.25 

350,000     American  Telephone  &  Telegraph  Company,  Deb.  3is  1984  359,988.08 

800,000     American  Telephone  &  Telegraph  Company,  Deb.  3is 1990  819,344.76 

500,000     American  Telephone  &  Telegraph  Company,  Deb.  4|s 1985  505,311.12 

400,000     Illinois  Bell  Telephone  Co.,  1st  Mtg.  Series  "E"  4*s  1988  404,897.36 

200,000     Mountain  States  Telephone  &  Telegraph  Co.,  Deb.  3|s 1978  200,910.00 

100,000     New  York  Telephone  Co.,  Ref.  Mtg.  Series  "E"  3|s 1978  100,838.23 

200,000     Pacific  Telephone  &  Telegraph  Co.,  Deb.  3is 1978  202,869.52 

300,000     Pacific  Telephone  &  Telegraph  Co.,  Deb.  4fS 1988  306,568.14 

250,000     Southern  Bell  Telephone  &  Telegraph  Co.,  Deb.  4s  1983  251,171.02 

300,000     Southern  Bell  Telephone  &  Telegraph  Co.,  Deb.  5s  1986  306,089.70 

300,000     Southwestern  Bell  Telephone  Co.,  Deb.  3|s  1983  304,500.00 

$3,850,000  Total  Communication  $3,913,669.18 

Railroad  Bonds 

$100,000     Chesapeake  &  Ohio  Railway  Co.,  Gen.  Mtg.  4|s  1992  $99,464.29 

267,000     Fort  Worth  &  Denver  Railway  Company,  1st  Mtg.  4|s  Guar 1982  268,939.23 

$367,000  Total  Railroad  $368,403.52 

Railroad  Equipment  Trust  Bonds 

$150,000     Chicago,  Burlington  &  Quincy  Railroad  Co.,  Eq.  Tr.  2is  Guar 1961-63  $144,704.25 

50,000     Great  Northern  Railway  Company,  Eq.  Tr.  2s  Guar 1961  49,001.55 

90,000  Pennsylvania  Railroad  Company,  Eq.  Tr.  Series  "S"  2|s  Guar.  ...    1960-62  87,214.21 

$290,000  Total  Railroad  Equipment  Trust $280,920.01 

Industrial  and  Miscellaneous  Bonds 

$200,000     Allied  Chemical  Corp.,  Deb.  3£s 1978  $198,000.00 

100,000     Aluminum  Co.  of  America,  S.  F.  Deb.  3s  1979  100,000.00 

200,000     Aluminum  Co.  of  America,  S.  F.  Deb.  3|s  1964  200,000.00 

250,000     Aluminum  Co.  of  America,  S.  F.  Deb.  4*s 1982  250,000.00 

187,000     American  Tobacco  Co.,  Deb.  3s  1969  188,156.57 

234,000     Bristol-Myers  Co.,  Deb.  3s  1968  234,434.90 

500,000     Burroughs  Corporation,  Conv.  Sub.  Deb.  4£s 1981  534,531.44 

550,000     C.  I.  T.  Financial  Corp.,  Deb.  4|s  1970  536,937.50 

400,000     Commercial  Credit  Co.,  Notes  3§s 1976  407,731.04 

400,000     Continental  Oil  Company  (Del.),  S.  F.  Deb.  3s  1984  404,051.80 

105,000     Corn  Products  Co.,  Sub.  Deb.  4|s  1983  110,001.73 

500,000     Crown  Zellerbach  Corp.,  Prom.  Note  4£s  1981  500,000.00 

150,000     Dow  Chemical  Company,  Deb.  2.35s  1961  150,034.11 

400,000     Federal  Farm  Loan  Consolidated,  4s 1962  410,625.00 

400,000     Federal  Farm  Loan  Consolidated,  4fs 1969  394,000.00 

500,000     Federal  Farm  Loan  Consolidated,  4£s 1970  498,826.25 

115,000     Federal  Home  Loan  Bank  System,  Note  5.40s 1960  115,240.93 

400,000     Federal  National  Mortgage  Association,  4fs 1970  394,500.00 

135,000     Federal  National  Mortgage  Association,  4?s  1961  135,843.75 

500,000     Federal  National  Mortgage  Association,  5£s 1972  498,125.00 

153,000     Food  Machinery  Corp.,  S.  F.  Deb.  2|s 1962  152,308.98 


Approximate 
Market 
Value 

$168,080 
294,893 
435,000 
237,175 
212,675 
296,250 

$9,317,461 


$120,375 
280,000 
717,000 
486,250 
373,000 
166,750 
82,000 
170,000 
285,750 
231,250 
310,500 
238,875 

$3,461,750 


$95,875 
226,950 

$322,825 


$144,375 
48,938 
87,938 

$281,251 


$181,750 
83,500 
194,000 
240,000 
170,170 
208,260 
590,000 
559,625 
356,000 
324,000 
106,575 
464,375 
146,250 
401,250 
401,000 
502,500 
115,108 
405,000 
136,350 
531,250 
146,880 
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SCHEDULE  OF  SECURITIES— Continued 


Principal 
Amount 


$500,000 
400,000 
500,000 
200,000 
480,000 
200,000 
200,000 
150,000 
275,000 
400,000 
150,000 
150,000 
400,000 
300,000 
236,000 
150,000 
115,000 
295,000 
488,000 
150,000 
100,000 
250,000 
300,000 
150,000 
525,000 
500,000 
300,000 
300,000 
300,000 
500,000 
250,000 
477,000 
346,000 
150,000 
400,000 
250,000 
500,000 

$17,716,000 

$39,434,000 


Description 
Industrial  and  Miscellaneous  Bonds — Concluded 


Maturity       Book  Value 


Approximate 
Market 
Value 


Food  Machinery  &  Chemical  Corp.,  S.  F.  Deb.  3.80s  

Four  Corners  Pipe  Line  Company,  Sec.  Note  5s 

General  Electric  Credit  Corp.  (N.  Y.),  Prom.  Note  5s  

General  Motors  Acceptance  Corp.,  Deb.  3|s 

General  Motors  Acceptance  Corp.,  Deb.  4s  

General  Motors  Acceptance  Corp.,  Deb.  5s  

General  Motors  Acceptance  Corp.,  Deb.  5s  

General  Portland  Cement  Co.,  Conv.  Sub.  Deb.  5s  

Goodrich  (B.  F.)  Company,  1st  Mtg.  2|s  

Illinois  State  Toll  Highway  Commission,  Rev.  Bds.  3|s 

Intl.  Harvester  Credit  Corp.,  Prom.  Note  8> 

Intl.  Harvester  Credit  Corp.,  Prom.  Note  12' 

Intl.  Harvester  Credit  Corp.,  Deb.  4|s 

Kaiser  Aluminum  &  Chemical  Corp.,  1st  Mtg.  5£s  

Lorillard  (P.)  Company,  Deb.  3s  

Montgomery  Ward  Credit  Corp.,  Prom.  Note 

Montgomery  Ward  Credit  Corp.,  Prom.  Note 

National  Dairy  Products  Corp.,  Deb.  2|s 

Phillips  Petroleum  Company,  S.  F.  Deb.  2|s  

Quaker  Oats  Co.,  Deb.  2fs  

Riegel  Paper  Corp.,  S.  F.  Deb.  3is  

Scovill  Mfg.  Co.,  Deb.  4fs  

Seagram  (Joseph  E.)  &  Sons,  Incorporated,  Deb.  2|s  

Sears  Roebuck  Acceptance  Corp.,  Prom.  Note  

Sears  Roebuck  Acceptance  Corp.,  Sub.  Deb.  4§s 

Shell  Union  Oil  Corporation,  Deb.  2|s  

Sinclair  Oil  Corporation,  Conv.  Sub.  Deb.  4fs 

Superior  Oil  Company,  The  (California),  Deb.  3|s  

Swift  &  Company,  Deb.  2|s  

Texas  Corporation,  Deb.  3s  

Tide  Water  Oil  Company,  S.  F.  Deb.  3|s 

Tremarco  Corporation,  1st  Mtg.  Series  "E"  5s  

Union  Oil  Co.  of  California,  Deb.  2|s  

Westinghouse  Credit  Corp.,  Prom.  Note  

Westinghouse  Electric  Corp.,  Deb.  2§s 

Whirlpool  Corporation,  S.  F.  Deb.  3£s  

Woolworth  (F.  W.)  Co.,  Prom.  Note  5s 


1981 
1982 
1975 
1972 
1979 
1977 
1981 
1977 
1965 
1995 
16-60 
16-60 
1979 
1987 
1963 
1960 
1961 
1970 
1964 
1964 
1981 
1982 
1966 
1960 
1977 
1971 
1986 
1981 
1972 
1965 
1986 
1983 
1970 
1960 
1971 
1980 
1982 


$500 
400 
500 
203 
435 
195 
199 
153 
275 
400 
148 
145 
398 
300 
236 
147 
111 
297 
489 
148 
100 
246 
298 
147 
511 
502 
316 
300 
300 
507 
250 
477 
351 
146 
402 
250 
500 


Total  Industrial  and  Miscellaneous  $17,704 


Bonds  -  Funds  Invested $39,352 


000.00 
000.00 
000.00 
272.78 
037.50 
000.00 
000.00 
875.05 
289.57 
000.00 
116.67 
838.54 
000.00 
000.00 
887.26 
600.00 
388.68 
006.70 
466.87 
922.50 
000.00 
250.00 
500.00 
083.33 
505.00 
062.23 
047.52 
000.00 
826.01 
143.91 
000.00 
000.00 
239.11 
369.79 
155.96 
000.00 
000.00 


$453 
408 
500 
178 
442 
208 
206 
188 
255 
342 
149 
147 
390 
304 
225 
148 
112 
255 
461 
138 
91 
241 
264 
148 
505 
425 
288 
270 
249 
475 
206 
481 
297 
147 
332 
200 
503 


233.98  $16,906 


557.46  $37,193 


750 
000 
000 
000 
200 
500 
500 
250 
750 
000 
217 
007 
000 
230 
970 
700 
488 
175 
160 
375 
000 
250 
000 
183 
313 
000 
750 
750 
000 
625 
250 
770 
560 
539 
000 
000 
350 


455 


148 


Number 

of 
Shares 

1,500 
1,500 
3,800 

600 
1,900 
1,000 

800 
2,000 
1,300 
3,400 
3,100 

20,900 


Preferred  Stocks 

Appalachian  Power  Co.,  4|%  Cum.  Pref $159,000.00  $135,000 

Bethlehem  Steel  Corporation,  7%  Cum.  Pref 183,637.50  211,875 

Carrier  Corporation,  4|%  Cum.  Pref 197,931.28  163,400 

Cleveland  Electric  Illuminating  Co.,  $4.50  Cum.  Pref 68,112.25  56,700 

Consolidated  Edison  Co.  of  N.  Y.,  $5.00  Cum.  Pref 202,815.50  189,763 

El  Paso  Natural  Gas  Co.,  4.10%  Cum.  1st  Pref 111,442.21  86,000 

National  Distillers  and  Chemical  Corp.,  4i%  Cum.  Conv.  Pref 80,000.00  73,800 

Niagara  Mohawk  Power  Corp.,  3.60%  Cum.  Pref 207,990.00  143,000 

Ohio  Power  Co.,  4|%  Cum.  Pref 144,630.02  118,300 

Reynolds  Metals  Co.,  4|%  Cum.  Second  Pref 413,112.45  424,150 

United  States  Steel  Corporation,  7%  Cum.  Pref 443,407.57  437,100 

Total  Preferred  Stocks $2,212,078.78     $2,039,088 


491 


SCHEDULE  OF  SECURITIES— Continued 


Number 

of 

Shares 

2 

,500 

10 

,000 

2 

,000 

14 

,000 

18 

,450 

6 

,200 

14 

100 

10 

,000 

11 

,000 

6 

000 

12 

000 

6 

000 

2 

,762 

60 

4 

200 

20 

000 

2 

500 

12 

783.875 

1 

500 

17 

594 

10 

200 

6 

976 

12 

000 

11 

300 

8 

000 

31 

100 

4 

000 

14 

300 

2 

700 

4 

500 

6 

000 

19 

890 

4 

600 

17 

711 

14 

350 

1 

600 

5 

000 

10 

000 

7 

668 

13 

800 

3 

309 

6 

500 

6 

300 

3 

100 

4 

600 

6 

500 

590 

5 

000 

5 

000 

900 

2 

100 

8 

100 

6 

600 

8 

000 

13 

500 

505, 

100 

15 

000 

5 

500 

1 

400 

11, 

300 

Description 

Common  Stocks 

Aetna  Casualty  &  Surety  Co 

Aluminium  Ltd 

Aluminum  Co.  of  America 

American  Electric  Power  Co.,  Inc 

American  Telephone  &  Telegraph  Company 

Armco  Steel  Corporation  

Armstrong  Cork  Company 

Atchison,  Topeka  &  Santa  Fe  Railway  Co 

Bethlehem  Steel  Corporation  

Campbell  Soup  Company  

Caterpillar  Tractor  Co 

Central  &  South  West  Corp 

Chase  Manhattan  Bank,  N.  Y 

Christiana  Securities  Co 

Consumers  Power  Co 

Continental  Oil  Company,  (Del.) 

Corning  Glass  Works  

Dow  Chemical  Company 

E.  I.  du  Pont  de  Nemours  &  Co 

Eastman  Kodak  Company  

Farbenfabriken  Bayer  A.  G.,  Par  50  Deutschemark  

First  National  City  Bank  of  N.  Y 

Florida  Power  &  Light  Co 

Ford  Motor  Company  

General  American  Transportation  Corp 

General  Electric  Company  

General  Foods  Corporation  

General  Motors  Corporation 

General  Reinsurance  Corp 

Gillette  Company 

Goodrich  (B.  F.)  Company 

Goodyear  Tire  &  Rubber  Company 

Great  American  Insurance  Co 

Gulf  Oil  Corporation  

Gulf  States  Utilities  Co 

Hudson's  Bay  Oil  &  Gas  Co 

Illinois  Power  Co 

Insurance  Co.  of  North  America 

International  Business  Machines  Corp 

International  Nickel  Co.  of  Canada,  Ltd 

International  Paper  Company 

Island  Creek  Coal  Co 

Kellogg  Company 

Kennecott  Copper  Corporation  

Marquette  Cement  Manufacturing  Co 

Mead  Corporation 

Mercer  Controls  Corp 

Merck  &  Co 

Minneapolis-Honeywell  Regulator  Co 

Monsanto  Chemical  Co 

Norfolk  &  Western  Railway  Company  

Northwest  Bancorporation 

Ohio  Edison  Co 

Panhandle  Eastern  Pipe  Line  Co 

Parke,  Davis  &  Co 

Philips'  Incandescent  Lamp  Works,  Ltd.  (N.  V.  Philips'  Gloeilampen- 

fabrieken),  Par  1  Florin  

Puget  Sound  Power  &  Light  Co 

Republic  Natural  Gas  Co 

Republic  Steel  Corporation 

Revere  Copper  &  Brass,  Inc 


Approximate 

Market 

Book  Value 

Value 

$192,782.20 

$196,563 

201,664.79 

308,750 

83,375.00 

167,500 

186,637.38 

801,500 

884,174.15 

1,646,663 

240,383.71 

396,800 

231,516.80 

669,750 

166,256.21 

235,000 

252,152.24 

497,750 

362,612.33 

383,250 

96,913.60 

340,500 

110,250.00 

229,500 

81,132.34 

165,893 

356,143.00 

864,000 

145,974.04 

253,050 

196,392.33 

955,000 

59,631.83 

436,250 

581,214.36 

1,139,285 

61,220.33 

313,500 

209,365.98 

2,212,446 

611,078.54 

949,875 

348,135.33 

551,540 

148,863.69 

816,000 

630,830.86 

742,975 

331,747.32 

632,000 

647,197.55 

2,868,975 

83,651.42 

516,000 

297,856.10 

629,200 

220,697.46 

274,050 

302,180.15 

345,375 

215,452.17 

379,500 

433,641.55 

758,306 

216,685.18 

205,275 

95,265.51 

511,405 

151,118.90 

527,363 

18,326.00 

15,014 

97,697.35 

271,875 

106,476.61 

645,000 

180,137.38 

4,002,696 

379,279.52 

777,975 

134,994.25 

330,900 

284,937.90 

172,250 

227,167.79 

300,825 

162,399.73 

234,438 

190,140.68 

211,600 

307,081.68 

234,000 

721.73 

74 

93,798.41 

423,750 

75,249.24 

820,000 

18,156.49 

39,488 

217,512.31 

207,900 

187,854.24 

275,400 

105,150.00 

224,400 

431,553.54 

330,000 

354,082.01 

627,750 

542,738.32 

1,650,414 

367,935.80 

523,125 

184,460.15 

133,031 

104,712.58 

86,800 

559,810.22 

440,700 
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Number 

of 
Shares 


15,300 

1,700 

4,000 
20,000 
11,250 
21,318 
14,561 

5,600 

6,000 
400 

2,300 

5,250 

4,000 

8,200 
14,500 

2,900 
12,000 

6,000 

6,800 

1,159,822.875 


SCHEDULE  OF  SECURITIES— Concluded 

Approximate 
Market 

Description  Book  Value  Value 

Common  Stocks— Concluded 

Royal  Dutch  Petroleum  Co $637,597.06  $566,100 

Schering  Corporation  118,931.15  125,800 

Scott  Paper  Company  53,041.98  344,000 

Shell  Oil  Company  334,642.89  695,000 

Southern  Railway  Company 218,508.81  528,750 

Standard  Oil  Co.  (New  Jersey)  218,419.60  863,379 

Texaco,  Inc 297,929.34  1,062,953 

Texas  Utilities  Co 154,501.13  466,900 

Travelers  Insurance  Co 452,662.70  502,500 

Unilever  N.  V.,  Par  1000  Florins  682,005.00  1,048,000 

Union  Carbide  Corporation 321,091.93  305,613 

Union  Pacific  Railroad  Company  122,359.92  141,750 

United  States  Gypsum  Co 72,483.24  451,000 

U.  S.  Plywood  Corp 381,737.07  396,675 

United  States  Steel  Corporation 331,434.90  1,161,813 

Upjohn  Co 130,598.03  159,500 

Virginia  Electric  &  Power  Co 130,447.67  607,500 

West  Virginia  Pulp  &  Paper  Co 212,525.96  255,000 

Weyerhaeuser  Timber  Co 87,917.16  237,575 

Total  Common  Stocks  $19,725,403.82  $45,820,002 

1   I    1 1  ■■  ■   ■  I    ■■                   ■"  ■   — ■   ■  ■■■■-  —.■■■—■ 

Common  and  Preferred  Stocks  -  Funds  Invested $21,937,482.60  $47,859,090 

Aggregate  Investments  (Bonds  and  Stocks) $61,290,040.06  $85,052,238 


SUMMARY   OF  SECURITY  TRANSACTIONS   JULY  1,  1959   TO  JUNE  30,  1960 
Cash  awaiting  investment  -  July  1,  1959 


$94,211.64 


Sales  and  Redemptions 
Gain 


Bonds 

Preferred  Stocks  

Common  Stocks $4,391,857.90 

Sale  of  Stock  Rights  29,815.20 


$4,421,673.10 


Net  Gain  -  Statement  B 


Loss 

$148,522.15 
102,883.73 


$251,405.88 
4,170,267.22 


Book  Value 

$3,601,770.38 

730,195.16 

2,412,196.91 


$6,744,162.45 
4,170,267.22 


Total  Sales  and  Redemptions 

Income  applied  to  amortization  of  bond  premium 

Gifts  and  bequests  

Surplus  cash  transferred  for  investment 


$4,421,673.10        $4,421,673.10 


10,914,429.67 

25,169.14 

411,924.26 

152,796.88 


Total $11,598,531.59 


Acquisitions 

Bonds $5,769,212.66 

Preferred  Stocks  34,856.25 

Common  Stocks 5,111,121.70 


Total  Acquisitions  

Cash  awaiting  investment  -  June  30,  1960 


10,915,190.61 
$683,340.98 
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SCHEDULE  2 


SECURITIES,   JUNE  30,  1960 
AND  INCOME   RECEIVED  DURING   THE   YEAR 


Book  Value 


Approximate 
Market 
Value 


Per  Cent  of  Total 
Investments 


r 


Approxi- 
mate 
Book        Market 
Value        Value 


Income 
Received 


Bonds: 

United  States  Government $4,297,880.88 

Foreign  and  International  Bank  2,651,296.78 

Public  Utility 10,136,153.11 

Communication  3,913,669.18 

Railroad  368,403.52 

Railroad  Equipment  Trust 280,920.01 

Industrial  and  Miscellaneous 17,704,233.98 

Total  Bonds $39,352,557.46 

Stocks: 

Preferred $2,212,078.78 

Common 19,725,403.82 

Total  Stocks  $21,937,482.60 

Total $61,290,040.06 


$4,349,343 

2,554,063 

9,317,461 

3,461,750 

322,825 

281,251 

16,906,455 

$37,193,148 


$2,039,088 
45,820,002 

$47,859,090 

$85,052,238 


7.01  5.11  $108,478.32 

4.33  3.00  88,469.99 

16.54  10.96  418,366.33 

6.39  4.07  145,676.40 

.60  .38  16,090.31 

.46  .33  9,525.35 

28.88  19.88  631,763.49 

64.21  43.73  $1,418,370.19  (a) 


3.61  2.40  $119,181.50 

32.18  53.87  1,290,020.11 

35.79  56.27  $1,409,201.61 


100.00        100.00  $2,827,571.80 


(a)  After  deducting  bond  premium  amortization  of  $25,169.14 
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ABSTRACT  OF  MINUTES  OF  THE  SIXTY-SECOND   MEETING  OF  THE 

BOARD  OF  TRUSTEES 

The  annual  meeting  of  the  Board  of  Trustees  was  held  in  Washington,  D.  C,  on  Friday, 
May  13,  1960.   The  Chairman,  Mr.  Giflord,  presided. 

The  following  Trustees  were  in  attendance:  Robert  Woods  Bliss,  Amory  H.  Bradford, 
Omar  N.  Bradley,  Walter  S.  Gifford,  Caryl  P.  Haskins,  Barklie  McKee  Henry,  Alfred  L. 
Loomis,  Robert  A.  Lovett,  Keith  S.  McHugh,  Margaret  Carnegie  Miller,  Henry  S.  Morgan, 
Seeley  G.  Mudd,  William  I.  Myers,  Richard  S.  Perkins,  Elihu  Root,  Jr.,  Henry  R.  Shepley, 
Charles  P.  Taft,  and  James  N.  White. 

The  minutes  of  the  Sixty-first  Meeting  were  approved. 

The  Chairman  notified  the  Trustees  of  the  death  of  Henning  W.  Prentis,  Jr.  Mr.  Root 
made  a  statement  of  appreciation,  mentioning  the  outstanding  accomplishments  of  Mr. 
Prentis's  long  career,  and  commenting  that  few  men  have  given  more  freely  of  their 
time  to  public  service.   The  Trustees,  by  standing  vote,  adopted  the  following  resolutions: 

Be  It  Resolved,  That  the  Trustees  of  the  Carnegie  Institution  of  Washington  hereby  record 
their  deep  appreciation  for  the  many  contributions  made  by  Henning  Webb  Prentis,  Jr.,  to  the 
Institution;  and 

Be  It  Further  Resolved,  That  these  resolutions  be  entered  on  the  minutes  of  the  Institution 
and  a  copy  be  sent  to  Mrs.  Prentis. 

The  Chairman  also  notified  the  Trustees  of  the  recent  death  of  Lindsay  Bradford  and 
of  W.  Cameron  Forbes,  former  Trustees.  Written  biographical  statements  were  submitted 
outlining  their  distinguished  careers  and  their  service  to  the  Institution. 

The  annual  report  of  the  President  was  accepted. 

The  report  of  the  Executive  Committee  was  accepted. 

To  provide  for  operation  of  the  Institution  for  the  fiscal  year  beginning  July  1,  1960, 
and  upon  recommendation  of  the  Executive  Committee,  the  sum  of  $2,699,281  was  appro- 
priated from  the  General  Reserve  Fund. 

An  additional  sum  of  $300,000  was  made  available  from  the  General  Reserve  Fund, 
which,  together  with  previous  appropriations  of  $1,200,000,  was  for  use  at  the  discretion 
of  the  Executive  Committee  toward  providing  the  cost  of  laboratory  facilities  for  the 
Department  of  Embryology. 

Reports  of  the  Finance  Committee,  the  Retirement  Committee,  the  Auditor,  and  the 
Auditing  Committee  were  accepted. 

Article  III,  Section  5,  Article  IV,  Section  1,  and  Article  VI,  Sections  3,  4,  and  5,  of  the 
By-Laws  of  the  Institution  were  amended  to  read  as  follows: 

ARTICLE    III 

Executive  Administration 

The  President 

5.  The  President  shall  retire  from  office  at  the  end  of  the  fiscal  year  in  which  he  becomes 
sixty-five  years  of  age. 
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ARTICLE   IV 

Meetings 

1.  The  annual  meeting  of  the  Board  of  Trustees  shall  be  held  in  the  City  of  Washington, 
in  the  District  of  Columbia,  in  May  of  each  year  on  a  date  set  by  order  of  the  Executive  Com- 
mittee, unless  the  date  and  place  of  meeting  are  otherwise  set  by  order  of  the  Executive 
Committee. 

ARTICLE    VI 

Financial  Administration 

3.  The  Executive  Committee  shall  submit  to  the  annual  meeting  of  the  Board  a  full  state- 
ment of  the  finances  and  work  of  the  Institution  for  the  preceding  fiscal  year  and  a  detailed 
estimate  of  the  expenditures  of  the  succeeding  fiscal  year. 

4.  The  Board  of  Trustees,  at  the  annual  meeting  in  each  year,  shall  make  general  appro- 
priations for  the  ensuing  fiscal  year;  but  nothing  contained  herein  shall  prevent  the  Board  of 
Trustees  from  making  special  appropriations  at  any  meeting. 

5.  The  Executive  Committee  shall  have  general  charge  and  control  of  all  appropriations  made 
by  the  Board.  Following  the  annual  meeting,  the  Executive  Committee  may  allocate  these 
appropriations  for  the  succeeding  fiscal  year.  The  Committee  shall  have  full  authority  to 
reallocate  available  funds,  as  needed,  and  to  transfer  balances. 

The  Chairman  reported  that  Dr.  Arthur  L.  Day,  Director  of  the  Geophysical  Laboratory 
from  1909  to  1936,  died  on  March  2,  1960,  in  his  ninetieth  year,  and  bequeathed  his  entire 
scientific  library  to  the  Geophysical  Laboratory.  The  following  resolutions  were  adopted: 

Be  It  Resolved,  That  the  Trustees  of  Carnegie  Institution  of  Washington  hereby  express  their 
gratitude  for  Dr.  Arthur  L.  Day's  generous  bequest  of  his  comprehensive  scientific  library 
to  the  Geophysical  Laboratory,  where  it  will  serve  as  a  fitting  memorial  to  Dr.  Day's  dis- 
tinguished leadership;  and 

Be  It  Further  Resolved,  That  these  resolutions  be  entered  on  the  minutes  of  the  Institution 
and  a  copy  be  sent  to  Mrs.  Day. 

Mr.  Garrison  Norton  was  elected  a  member  of  the  Board  of  Trustees. 

The  following  were  elected  to  fill  vacancies  in  standing  committees:  Garrison  Norton 
as  a  member  of  the  Executive  Committee  for  a  one-year  term,  and  Elihu  Root,  Jr.,  as  a 
member  of  the  Finance  Committee  for  a  two-year  term.  The  following  were  re-elected  for 
one-year  terms:  Barklie  McKee  Henry  as  Chairman  of  the  Executive  Committee;  James  N. 
White  as  Chairman  of  the  Finance  Committee;  Keith  S.  McHugh  as  Chairman  of  the 
Auditing  Committee;  Omar  N.  Bradley  as  Chairman  of  the  Retirement  Committee;  and 
Henry  S.  Morgan  as  Chairman  of  the  Nominating  Committee. 
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Public  No.  260.  An  Act  to  incorporate  the  Carnegie  Institution  of  Washington 

Be  it  enacted  by  the  Senate  and  House  of  Representatives  of  the  United  States  of  America 
in  Congress  assembled,  That  the  persons  following,  being  persons  who  are  now  trustees 
of  the  Carnegie  Institution,  namely,  Alexander  Agassiz,  John  S.  Billings,  John  L.  Cad- 
walader,  Cleveland  H.  Dodge,  William  N.  Frew,  Lyman  J.  Gage,  Daniel  C.  Gilman, 
John  Hay,  Henry  L.  Higginson,  William  Wirt  Howe,  Charles  L.  Hutchinson,  Samuel  P. 
Langley,  William  Lindsay,  Seth  Low,  Wayne  MacVeagh,  Darius  O.  Mills,  S.  Weir 
Mitchell,  William  W.  Morrow,  Ethan  A.  Hitchcock,  Elihu  Root,  John  C.  Spooner,  Andrew 
D.  White,  Charles  D.  Walcott,  Carroll  D.  Wright,  their  associates  and  successors,  duly 
chosen,  are  hereby  incorporated  and  declared  to  be  a  body  corporate  by  the  name  of  the 
Carnegie  Institution  of  Washington  and  by  that  name  shall  be  known  and  have  perpetual 
succession,  with  the  powers,  limitations,  and  restrictions  herein  contained. 

Sec,  2.  That  the  objects  of  the  corporation  shall  be  to  encourage,  in  the  broadest  and 
most  liberal  manner,  investigation,  research,  and  discovery,  and  the  application  of  knowl- 
edge to  the  improvement  of  mankind;  and  in  particular — 

(a)  To  conduct,  endow,  and  assist  investigation  in  any  department  of  science,  literature, 
or  art,  and  to  this  end  to  cooperate  with  governments,  universities,  colleges,  technical 
schools,  learned  societies,  and  individuals. 

(b)  To  appoint  committees  of  experts  to  direct  special  lines  of  research. 

(c)  To  publish  and  distribute  documents. 

(d)  To  conduct  lectures,  hold  meetings,  and  acquire  and  maintain  a  library. 

(<f)  To  purchase  such  property,  real  or  personal,  and  construct  such  building  or  build- 
ings as  may  be  necessary  to  carry  on  the  work  of  the  corporation. 

(/)  In  general,  to  do  and  perform  all  things  necessary  to  promote  the  objects  of  the 
institution,  with  full  power,  however,  to  the  trustees  hereinafter  appointed  and  their  suc- 
cessors from  time  to  time  to  modify  the  conditions  and  regulations  under  which  the  work 
shall  be  carried  on,  so  as  to  secure  the  application  of  the  funds  in  the  manner  best  adapted 
to  the  conditions  of  the  time,  provided  that  the  objects  of  the  corporation  shall  at  all  times 
be  among  the  foregoing  or  kindred  thereto. 

Sec.  3.  That  the  direction  and  management  of  the  affairs  of  the  corporation  and  the 
control  and  disposal  of  its  property  and  funds  shall  be  vested  in  a  board  of  trustees,  twenty- 
two  in  number,  to  be  composed  of  the  following  individuals:  Alexander  Agassiz,  John  S. 
Billings,  John  L.  Cadwalader,  Cleveland  H.  Dodge,  William  N.  Frew,  Lyman  J.  Gage, 
Daniel  C.  Gilman,  John  Hay,  Henry  L.  Higginson,  William  Wirt  Howe,  Charles  L. 
Hutchinson,  Samuel  P.  Langley,  William  Lindsay,  Seth  Low,  Wayne  MacVeagh,  Darius  O. 
Mills,  S.  Weir  Mitchell,  William  W.  Morrow,  Ethan  A.  Hitchcoc\,  Elihu  Root,  John  C. 
Spooner,  Andrew  D.  White,  Charles  D.  Walcott,  Carroll  D.  Wright,  who  shall  constitute 

497 


498        CARNEGIE  INSTITUTION  OF  WASHINGTON 


the  first  board  of  trustees.  The  board  of  trustees  shall  have  power  from  time  to  time  to 
increase  its  membership  to  not  more  than  twenty-seven  members.  Vacancies  occasioned 
by  death,  resignation,  or  otherwise  shall  be  filled  by  the  remaining  trustees  in  such  manner 
as  the  by-laws  shall  prescribe;  and  the  persons  so  elected  shall  thereupon  become  trustees 
and  also  members  of  the  said  corporation.  The  principal  place  of  business  of  the  said 
corporation  shall  be  the  city  of  Washington,  in  the  District  of  Columbia. 

Sec.  4.  That  such  board  of  trustees  shall  be  entitled  to  take,  hold,  and  administer  the 
securities,  funds,  and  property  so  transferred  by  said  Andrew  Carnegie  to  the  trustees  of 
the  Carnegie  Institution  and  such  other  funds  or  property  as  may  at  any  time  be  given, 
devised,  or  bequeathed  to  them,  or  to  such  corporation,  for  the  purposes  of  the  trust;  and 
with  full  power  from  time  to  time  to  adopt  a  common  seal,  to  appoint  such  officers,  mem- 
bers of  the  board  of  trustees  or  otherwise,  and  such  employees  as  may  be  deemed  necessary 
in  carrying  on  the  business  of  the  corporation,  at  such  salaries  or  with  such  remuneration 
as  they  may  deem  proper;  and  with  full  power  to  adopt  by-laws  from  time  to  time  and 
such  rules  or  regulations  as  may  be  necessary  to  secure  the  safe  and  convenient  transaction 
of  the  business  of  the  corporation;  and  with  full  power  and  discretion  to  deal  with  and 
expend  the  income  of  the  corporation  in  such  manner  as  in  their  judgment  will  best  pro- 
mote the  objects  herein  set  forth  and  in  general  to  have  and  use  all  powers  and  authority 
necessary  to  promote  such  objects  and  carry  out  the  purposes  of  the  donor.  The  said 
trustees  shall  have  further  power  from  time  to  time  to  hold  as  investments  the  securities 
hereinabove  referred  to  so  transferred  by  Andrew  Carnegie,  and  any  property  which  has 
been  or  may  be  transferred  to  them  or  such  corporation  by  Andrew  Carnegie  or  by  any 
other  person,  persons,  or  corporation,  and  to  invest  any  sums  or  amounts  from  time  to 
time  in  such  securities  and  such  form  and  manner  as  are  permitted  to  trustees  or  to 
charitable  or  literary  corporations  for  investment,  according  to  the  laws  of  the  States  of 
New  York,  Pennsylvania,  or  Massachusetts,  or  in  such  securities  as  are  authorized  for 
investment  by  the  said  deed  of  trust  so  executed  by  Andrew  Carnegie,  or  by  any  deed  of 
gift  or  last  will  and  testament  to  be  hereafter  made  or  executed. 

Sec.  5.  That  the  said  corporation  may  take  and  hold  any  additional  donations,  grants, 
devises,  or  bequests  which  may  be  made  in  further  support  of  the  purposes  of  the  said 
corporation,  and  may  include  in  the  expenses  thereof  the  personal  expenses  which  the 
trustees  may  incur  in  attending  meetings  or  otherwise  in  carrying  out  the  business  of  the 
trust,  but  the  services  of  the  trustees  as  such  shall  be  gratuitous. 

Sec.  6.  That  as  soon  as  may  be  possible  after  the  passage  of  this  Act  a  meeting  of  the 
trustees  hereinbefore  named  shall  be  called  by  Daniel  C.  Oilman,  John  S.  Billings,  Charles 
D.  Walcott,  S.  Weir  Mitchell,  John  Hay,  Elihu  Root,  and  Carroll  D.  Wright,  or  any  four 
of  them,  at  the  city  of  Washington,  in  the  District  of  Columbia,  by  notice  served  in  person 
or  by  mail  addressed  to  each  trustee  at  his  place  of  residence;  and  the  said  trustees,  or  a 
majority  thereof,  being  assembled,  shall  organize  and  proceed  to  adopt  by-laws,  to  elect 
officers  and  appoint  committees,  and  generally  to  organize  the  said  corporation;  and  said 
trustees  herein  named,  on  behalf  of  the  corporation  hereby  incorporated,  shall  thereupon 
receive,  take  over,  and  enter  into  possession,  custody,  and  management  of  all  property, 
real  or  personal,  of  the  corporation  heretofore  known  as  the  Carnegie  Institution,  incor- 
porated, as  hereinbefore  set  forth  under  "An  Act  to  establish  a  Code  of  Law  for  the  District 
of  Columbia,  January  fourth,  nineteen  hundred  and  two,"  and  to  all  its  rights,  contracts, 
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claims,  and  property  of  any  kind  or  nature;  and  the  several  officers  of  such  corporation,  or 
any  other  person  having  charge  of  any  of  the  securities,  funds,  real  or  personal,  books,  or 
property  thereof,  shall,  on  demand,  deliver  the  same  to  the  said  trustees  appointed  by  this 
Act  or  to  the  persons  appointed  by  them  to  receive  the  same;  and  the  trustees  of  the  existing 
corporation  and  the  trustees  herein  named  shall  and  may  take  such  other  steps  as  shall  be 
necessary  to  carry  out  the  purposes  of  this  Act. 

Sec.  7.  That  the  rights  of  the  creditors  of  the  said  existing  corporation  known  as  the 
Carnegie  Institution  shall  not  in  any  manner  be  impaired  by  the  passage  of  this  Act,  or 
the  transfer  of  the  property  hereinbefore  mentioned,  nor  shall  any  liability  or  obligation 
for  the  payment  of  any  sums  due  or  to  become  due,  or  any  claim  or  demand,  in  any 
manner  or  for  any  cause  existing  against  the  said  existing  corporation,  be  released  or  im- 
paired; but  such  corporation  hereby  incorporated  is  declared  to  succeed  to  the  obligations 
and  liabilities  and  to  be  held  liable  to  pay  and  discharge  all  of  the  debts,  liabilities,  and 
contracts  of  the  said  corporation  so  existing  to  the  same  effect  as  if  such  new  corporation 
had  itself  incurred  the  obligation  or  liability  to  pay  such  debt  or  damages,  and  no  such 
action  or  proceeding  before  any  court  or  tribunal  shall  be  deemed  to  have  abated  or  been 
discontinued  by  reason  of  the  passage  of  this  Act. 

Sec.  8.  That  Congress  may  from  time  to  time  alter,  repeal,  or  modify  this  Act  of 
incorporation,  but  no  contract  or  individual  right  made  or  acquired  shall  thereby  be 
divested  or  impaired. 

Sec.  9.  That  this  Act  shall  take  effect  immediately. 


Approved,  April  28,  1904 


BY-LAWS     OF     THE     INSTITUTION 

Adopted  December  13,  1904.  Amended  December  13, 1910,  December  13,  1912,  December 

10,  1937,  December  15,  1939,  December  13,  1940,  December  18,  1942,  December 

12, 1947,  December  10, 1954,  October  24, 1957,  May  8, 1959,  and  May  13, 1960. 

ARTICLE  I 
The  Trustees 

1.  The  Board  of  Trustees  shall  consist  of  twenty-four  members  with  power  to  increase 
its  membership  to  not  more  than  twenty-seven  members.  The  Trustees  shall  hold  office 
continuously  and  not  for  a  stated  term. 

2.  In  case  any  Trustee  shall  fail  to  attend  three  successive  annual  meetings  of  the  Board 
he  shall  thereupon  cease  to  be  a  Trustee. 

3.  No  Trustee  shall  receive  any  compensation  for  his  services  as  such. 

4.  All  vacancies  in  the  Board  of  Trustees  shall  be  filled  by  the  Trustees  by  ballot  at  an 
annual  meeting,  but  no  person  shall  be  declared  elected  unless  he  receives  the  votes  of 
two-thirds  of  the  Trustees  present. 

ARTICLE  II 

Officers  of  the  Board 

1.  The  officers  of  the  Board  shall  be  a  Chairman  of  the  Board,  a  Vice-Chairman,  and  a 
Secretary,  who  shall  be  elected  by  the  Trustees,  from  the  members  of  the  Board,  by  ballot 
to  serve  for  a  term  of  three  years.  All  vacancies  shall  be  filled  by  the  Board  for  the  unex- 
pired term;  provided,  however,  that  the  Executive  Committee  shall  have  power  to  fill  a 
vacancy  in  the  office  of  Secretary  to  serve  until  the  next  meeting  of  the  Board  of  Trustees. 

2.  The  Chairman  shall  preside  at  all  meetings  and  shall  have  the  usual  powers  of  a 
presiding  officer. 

3.  The  Vice-Chairman,  in  the  absence  or  disability  of  the  Chairman,  shall  perform  the 
duties  of  the  Chairman. 

4.  The  Secretary  shall  issue  notices  of  meetings  of  the  Board,  record  its  transactions,  and 
conduct  that  part  of  the  correspondence  relating  to  the  Board  and  to  his  duties. 

ARTICLE  III 

Executive  Administration 

The  President 

1.  There  shall  be  a  President  who  shall  be  elected  by  ballot  by,  and  hold  office  during 
the  pleasure  of,  the  Board,  who  shall  be  the  chief  executive  officer  of  the  Institution.  The 
President,  subject  to  the  control  of  the  Board  and  the  Executive  Committee,  shall  have 
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general  charge  of  all  matters  of  administration  and  supervision  of  all  arrangements  for 
research  and  other  work  undertaken  by  the  Institution  or  with  its  funds.  He  shall  prepare 
and  submit  to  the  Board  of  Trustees  and  to  the  Executive  Committee  plans  and  suggestions 
for  the  work  of  the  Institution,  shall  conduct  its  general  correspondence  and  the  corre- 
spondence with  applicants  for  grants  and  with  the  special  advisers  of  the  Committee,  and 
shall  present  his  recommendations  in  each  case  to  the  Executive  Committee  for  decision. 
All  proposals  and  requests  for  grants  shall  be  referred  to  the  President  for  consideration 
and  report.  He  shall  have  power  to  remove,  appoint,  and,  within  the  scope  of  funds  made 
available  by  the  Trustees,  provide  for  compensation  of  subordinate  employees  and  to  fix 
the  compensation  of  such  employees  within  the  limits  of  a  maximum  rate  of  compensation 
to  be  established  from  time  to  time  by  the  Executive  Committee.  He  shall  be  ex  officio 
a  member  of  the  Executive  Committee. 

2.  He  shall  be  the  legal  custodian  of  the  seal  and  of  all  property  of  the  Institution  whose 
custody  is  not  otherwise  provided  for.  He  shall  sign  and  execute  on  behalf  of  the  cor- 
poration all  contracts  and  instruments  necessary  in  authorized  administrative  and  research 
matters  and  affix  the  corporate  seal  thereto  when  necessary,  and  may  delegate  the  per- 
formance of  such  acts  and  other  administrative  duties  in  his  absence  to  the  Executive 
Officer.  He  may  execute  all  other  contracts,  deeds,  and  instruments  on  behalf  of  the  cor- 
poration and  affix  the  seal  thereto  when  expressly  authorized  by  the  Board  of  Trustees  or 
Executive  Committee.  He  may,  within  the  limits  of  his  own  authorization,  delegate  to 
the  Executive  Officer  authority  to  act  as  custodian  of  and  affix  the  corporate  seal.  He  shall 
be  responsible  for  the  expenditure  and  disbursement  of  all  funds  of  the  Institution  in 
accordance  with  the  directions  of  the  Board  and  of  the  Executive  Committee,  and  shall 
keep  accurate  accounts  of  all  receipts  and  disbursements.  Following  approval  by  the  Execu- 
tive Committee  he  shall  transmit  to  the  Board  of  Trustees  before  its  annual  meeting  a 
written  report  of  the  operations  and  business  of  the  Institution  for  the  preceding  fiscal  year 
with  his  recommendations  for  work  and  appropriations  for  the  succeeding  fiscal  year. 

3.  He  shall  attend  all  meetings  of  the  Board  of  Trustees. 

4.  There  shall  be  an  officer  designated  Executive  Officer  who  shall  be  appointed  by  and 
hold  office  at  the  pleasure  of  the  President,  subject  to  the  approval  of  the  Executive  Com- 
mittee. His  duties  shall  be  to  assist  and  act  for  the  President  as  the  latter  may  duly 
authorize  and  direct. 

5.  The  President  shall  retire  from  office  at  the  end  of  the  fiscal  year  in  which  he 
becomes  sixty-five  years  of  age. 

ARTICLE  IV 
Meetings 

1.  The  annual  meeting  of  the  Board  of  Trustees  shall  be  held  in  the  City  of  Wash- 
ington, in  the  District  of  Columbia,  in  May  of  each  year  on  a  date  set  by  order  of 
the  Executive  Committee,  unless  the  date  and  place  of  meeting  are  otherwise  set  by  order 
of  the  Executive  Committee. 

2.  Special  meetings  of  the  Board  may  be  called  by  the  Executive  Committee  by  notice 
served  personally  upon,  or  mailed  to  the  usual  address  of,  each  Trustee  twenty  days  prior 
to  the  meeting. 

3.  Special  meetings  shall,  moreover,  be  called  in  the  same  manner  by  the  Chairman  upon 
the  written  request  of  seven  members  of  the  Board. 
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ARTICLE  V 
Committees 

1.  There  shall  be  the  following  standing  Committees,  viz.  an  Executive  Committee,  a 
Finance  Committee,  an  Auditing  Committee,  a  Nominating  Committee,  and  a  Retirement 
Committee. 

2.  All  vacancies  occurring  in  the  Executive  Committee,  the  Finance  Committee,  the 
Auditing  Committee,  the  Nominating  Committee,  and  the  Retirement  Committee  shall  be 
filled  by  the  Trustees  at  the  next  regular  meeting.  In  case  of  vacancy  in  the  Finance  Com- 
mittee, the  Auditing  Committee,  the  Nominating  Committee,  or  the  Retirement  Commit- 
tee, upon  request  of  the  remaining  members  of  such  committee,  the  Executive  Committee 
may  fill  such  vacancy  by  appointment  until  the  next  meeting  of  the  Board  of  Trustees. 

3.  The  terms  of  all  officers  and  of  all  members  of  committees,  as  provided  for  herein, 
shall  continue  until  their  successors  are  elected  or  appointed. 

Executive  Committee 

4.  The  Executive  Committee  shall  consist  of  the  Chairman,  Vice-Chairman,  and  Secre- 
tary of  the  Board  of  Trustees  and  the  President  of  the  Institution  ex  officio  and,  in  addi- 
tion, five  trustees  to  be  elected  by  the  Board  by  ballot  for  a  term  of  three  years,  who  shall 
be  eligible  for  re-election.  Any  member  elected  to  fill  a  vacancy  shall  serve  for  the  remainder 
of  his  predecessor's  term. 

5.  The  Executive  Committee  shall,  when  the  Board  is  not  in  session  and  has  not  given 
specific  directions,  have  general  control  of  the  administration  of  the  affairs  of  the  corpora- 
tion and  general  supervision  of  all  arrangements  for  administration,  research,  and  other 
matters  undertaken  or  promoted  by  the  Institution.  It  shall  also  submit  to  the  Board  of 
Trustees  a  printed  or  typewritten  report  of  each  of  its  meetings,  and  at  the  annual  meeting 
shall  submit  to  the  Board  a  report  for  publication. 

6.  The  Executive  Committee  shall  have  power  to  authorize  the  purchase,  sale,  exchange, 
or  transfer  of  real  estate. 

Finance  Committee 

7.  The  Finance  Committee  shall  consist  of  not  less  than  five  and  not  more  than  six 
members  to  be  elected  by  the  Board  of  Trustees  by  ballot  for  a  term  of  three  years,  who 
shall  be  eligible  for  re-election. 

8.  The  Finance  Committee  shall  have  custody  of  the  securities  of  the  corporation  and 
general  charge  of  its  investments  and  invested  funds,  including  its  investments  and  in- 
vested funds  as  trustee  of  any  retirement  plan  for  the  Institution's  staff  members  and 
employees,  and  shall  care  for  and  dispose  of  the  same  subject  to  the  directions  of  the 
Board  of  Trustees.  It  shall  have  power  to  authorize  the  purchase,  sale,  exchange,  or 
transfer  of  securities  and  to  delegate  this  power.  It  shall  consider  and  recommend  to  the 
Board  from  time  to  time  such  measures  as  in  its  opinion  will  promote  the  financial  inter- 
ests of  the  Institution  and  of  the  trust  fund  under  any  retirement  plan  for  the  Institution's 
staff  members  and  employees,  and  shall  make  a  report  at  each  meeting  of  the  Board. 
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Auditing  Committee 

9.  The  Auditing  Committee  shall  consist  of  three  members  to  be  elected  by  the  Board 
of  Trustees  by  ballot  for  a  term  of  three  years. 

10.  Before  each  annual  meeting  of  the  Board  of  Trustees,  the  Auditing  Committee  shall 
cause  the  accounts  of  the  Institution  for  the  preceding  fiscal  year  to  be  audited  by  public 
accountants.  The  accountants  shall  report  to  the  Committee,  and  the  Committee  shall 
present  said  report  at  the  ensuing  annual  meeting  of  the  Board  with  such  recommendations 
as  the  Committee  may  deem  appropriate. 

No m in ating  Comm ittee 

11.  The  Nominating  Committee  shall  consist  of  the  Chairman  of  the  Board  of  Trustees 
ex  officio  and,  in  addition,  three  trustees  to  be  elected  by  the  Board  by  ballot  for  a  term 
of  three  years,  who  shall  not  be  eligible  for  re-election  until  after  the  lapse  of  one  year. 
Any  member  elected  to  fill  a  vacancy  shall  serve  for  the  remainder  of  his  predecessor's 
term,  provided  that  of  the  Nominating  Committee  first  elected  after  adoption  of  this 
By-Law  one  member  shall  serve  for  one  year,  one  member  shall  serve  for  two  years,  and 
one  member  shall  serve  for  three  years,  the  Committee  to  determine  the  respective  terms 
by  lot. 

12.  Sixty  days  prior  to  an  annual  meeting  of  the  Board  the  Nominating  Committee  shall 
notify  the  Trustees  by  mail  of  the  vacancies  to  be  filled  in  membership  of  the  Board.  Each 
Trustee  may  submit  nominations  for  such  vacancies.  Nominations  so  submitted  shall  be 
considered  by  the  Nominating  Committee,  and  ten  days  prior  to  the  annual  meeting  the 
Nominating  Committee  shall  submit  to  members  of  the  Board  by  mail  a  list  of  the  persons 
so  nominated,  with  its  recommendations  for  filling  existing  vacancies  on  the  Board  and 
its  Standing  Committees.  No  other  nominations  shall  be  received  by  the  Board  at  the 
annual  meeting  except  with  the  unanimous  consent  of  the  Trustees  present. 

Retirement  Committee 

13.  The  Retirement  Committee  shall  consist  of  three  members  to  be  elected  by  the 
Board  of  Trustees  by  ballot  for  a  term  of  three  years,  who  shall  be  eligible  for  re-election, 
and  the  Chairman  of  the  Finance  Committee  ex  officio.  Any  member  elected  to  fill  a 
vacancy  shall  serve  for  the  remainder  of  his  predecessor's  term. 

14.  The  Retirement  Committee  shall,  subject  to  the  directions  of  the  Board  of  Trustees, 
be  responsible  for  the  maintenance  of  a  retirement  plan  for  staff  members  and  employees 
of  the  Institution  and  act  for  the  Institution  in  its  capacity  as  trustee  under  any  such  plan, 
except  that  any  matter  relating  to  investments  under  any  such  plan  shall  be  the  responsi- 
bility of  the  Finance  Committee  subject  to  the  directions  of  the  Board  of  Trustees.  The 
Committee  shall  submit  a  report  to  the  Board  at  the  annual  meeting  of  the  Board. 

ARTICLE  VI 
Financial  Administration 

1.  No  expenditure  shall  be  authorized  or  made  except  in  pursuance  of  a  previous  appro- 
priation by  the  Board  of  Trustees,  or  as  provided  in  Article  V,  paragraph  8,  hereof. 
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2.  The  fiscal  year  of  the  Institution  shall  commence  on  the  first  day  of  July  in  each  year. 

3.  The  Executive  Committee  shall  submit  to  the  annual  meeting  of  the  Board  a 
full  statement  of  the  finances  and  work  of  the  Institution  for  the  preceding  fiscal  year 
and  a  detailed  estimate  of  the  expenditures  of  the  succeeding  fiscal  year. 

4.  The  Board  of  Trustees,  at  the  annual  meeting  in  each  year,  shall  make  general 
appropriations  for  the  ensuing  fiscal  year;  but  nothing  contained  herein  shall  prevent 
the  Board  of  Trustees  from  making  special  appropriations  at  any  meeting. 

5.  The  Executive  Committee  shall  have  general  charge  and  control  of  all  appropriations 
made  by  the  Board.  Following  the  annual  meeting,  the  Executive  Committee  may 
allocate  these  appropriations  for  the  succeeding  fiscal  year.  The  Committee  shall 
have  full  authority  to  reallocate  available  funds,  as  needed,  and  to  transfer  balances. 

6.  The  securities  of  the  Institution  and  evidences  of  property,  and  funds  invested  and 
to  be  invested,  shall  be  deposited  in  such  safe  depository  or  in  the  custody  of  such  trust 
company  and  under  such  safeguards  as  the  Finance  Committee  shall  designate,  subject  to 
directions  of  the  Board  of  Trustees.  Income  of  the  Institution  available  for  expenditure 
shall  be  deposited  in  such  banks  or  depositories  as  may  from  time  to  time  be  designated 
by  the  Executive  Committee. 

7.  Any  trust  company  entrusted  with  the  custody  of  securities  by  the  Finance  Committee 
may,  by  resolution  of  the  Board  of  Trustees,  be  made  Fiscal  Agent  of  the  Institution,  upon 
an  agreed  compensation,  for  the  transaction  of  the  business  coming  within  the  authority 
of  the  Finance  Committee. 

ARTICLE  VII 

Amendment  of  By-Laws 

1.  These  by-laws  may  be  amended  at  any  annual  or  special  meeting  of  the  Board  of 
Trustees  by  a  two-thirds  vote  of  the  members  present,  provided  written  notice  of  the  pro- 
posed amendment  shall  have  been  served  personally  upon,  or  mailed  to  the  usual  address 
of,  each  member  of  the  Board  twenty  days  prior  to  the  meeting. 
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